キクイムシの寄主選択性:昆虫・植物・菌の3者関係から by 渡邉, 謙二 & WATANABE, Kenji
  
Host selection of ambrosia and bark beetles: 
perspective of the triadic relationship among insect, plant and fungi 
2014 年 3 月 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
千葉大学大学院理学研究科 
地球生命圏科学専攻生物学コース 
渡邉	 謙二 
 (千葉大学審査学位論文) 
 
Host selection of ambrosia and bark beetles: 
perspective of the triadic relationship among insect, plant and fungi 
2014 年 3 月 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
千葉大学大学院理学研究科 
地球生命圏科学専攻生物学コース 
渡邉	 謙二 
11 
Host selection of ambrosia and bark beetles: 
perspective of the triadic relationship among insect, plant and fungi 
 
 
11SD4102 
Kenji Watanabe
2 
 
Contents 
Chapter 1 General Introduction ....................................................................................................................... 3 
Chapter 2 The effect of host phylogeny on host specificity of bark and ambrosia beetles ....................... 14 
Abstract .......................................................................................................................................................... 14 
Materials and methods .................................................................................................................................. 17 
Results ............................................................................................................................................................ 22 
Discussion ...................................................................................................................................................... 25 
Table and Figure ........................................................................................................................................... 38 
Chapter 3 The effect of host deteriorational-conditions on the host specificity of ambrosia and bark 
beetles ................................................................................................................................................................ 47 
Introduction ................................................................................................................................................... 47 
Materials and methods .................................................................................................................................. 49 
Results ............................................................................................................................................................ 54 
Discussion ...................................................................................................................................................... 56 
Table and Figure ........................................................................................................................................... 72 
Chapter 4 The impact of host specificity of microbial symbionts on host plant utilization by ambrosia 
beetles. ............................................................................................................................................................... 86 
Introduction ................................................................................................................................................... 86 
Material and Method ..................................................................................................................................... 89 
Results ............................................................................................................................................................ 93 
Discussion ...................................................................................................................................................... 94 
Figure and Table ......................................................................................................................................... 101 
Chapter 5 General discussion ....................................................................................................................... 111 
 
 
 
3 
Chapter 1 1 
General Introduction 2 
 3 
One of the important themes in community ecology is the estimation of potential fauna of 4 
herbivorous insect on the earth based on the relationship between plant trait evolution and 5 
counter adaptation of insects (Ehlich & Raven 1964(Janz, 2011). In this decade, many 6 
empirical studies carried out to understand the tropical mega diversity (Hulcr, Isua, & 7 
Novotny, 2007; Novotny et al., 2006; Novotny, V., Basset, Y., Miller, S. E., Drozd, P., & 8 
Cizek, 2002) and to estimate global species richness (Andrew & Hughes, 2005; Hrcek et al., 9 
2013; Mueller & Schmit, 2007; Pokon, Novotny, & Samuelson, 2005). Among the variety of 10 
models for species estimation, such as species-area relationship model, survey distance model, 11 
species-abundance distribution model, and larger sample size model, Basset et al. (2012) 12 
pointed out that “plant model” which is derived from the host specificity was the most 13 
reliable index for global species estimation (Basset, Cizek & Cuénoud, 2012). 14 
Host specificity is one of the most important property of ecological assemblage of 15 
consumer species (Pearse, Harris, Karban, & Sih, 2013), which can be expressed by classical 16 
host breadth (May & Beverton, 1990) and modern host similarity (Diserud & Odegaard, 17 
2007). For herbivore species, host plant breadth, i.e. the number of plant species fed on, is the 18 
most basic absolute index describing the insect-plant interactions. The famous "effective 19 
specialization" by Rob May (May & Beverton, 1990) is the one of the extension of this index. 20 
Host similarity, on the other hand, is the index of relative measures of host plant selection, 21 
which typically expressed by the correlation between the phylogenetic distance of host plant 22 
species and the structural similarity among herbivore assemblages on their host plants 23 
(Diserud & Odegaard, 2007; Novotny et al., 2006). With the inclusion of the information of 24 
relative host suitability, host similarity is more informative compared with host breadth as the 25 
descriptor of the insect-plant interactions (Graham & Fine, 2008). 26 
4 
 Host specificity has strong connection with the structure of consumer assemblages 27 
(Novotny et al., 2010; Poulin, Krasnov, & Mouillot, 2011) with shed a light on the 28 
evolutional relationships between plants and their consumers. Plants developed variety of 29 
defence mechanisms such as physical and chemical ones, whereas insect herbivores counter 30 
adapted to these defences by tolerance, resistance, or escape from them. These defence 31 
mechanisms and their levels varied among plant organs because of the difference in their 32 
function or chemical background (Barrett & Heil, 2012; Becerra et al., 1997). On the other 33 
hand, insect herbivore species are segregated among these different plant organs clustered as 34 
folivores (leaf), frugivore (fruit), granivore (seed) and xylophagy (wood) etc. It is well known 35 
that host specificities are largely varied among herbivore guilds(Novotny & Basset, 2005; 36 
Novotny et al., 2010).  37 
In addition to the difference among herbivore guilds, varieties of factors are 38 
proposed to affect the host specificity of herbivores (Barrett & Heil, 2012; Novotny et al., 39 
2010). The phylogenetic distribution (F Ødegaard, Diserud, & Østbye, 2005; Paul et al., 40 
2006) and the physiological and developmental status (Novotny & Basset, 2005; C. Ranger 41 
& Reding, 2012; Walling, 2008; Barrett & Heil, 2012) of host plants are the important factors 42 
regulating host specificity of herbivores because these factors affect the host utilization of 43 
herbivore insects in the various phase, such as host recognition, tolerance against defensive 44 
trait and the nutrient availability. Experimental studies that taken such factors into account 45 
are scarce with exclusively focusing on leaf-chewing guild which feed on (Novotny et al., 46 
2010). Plant leaves are evolutionally flexible and shown to be correlated with structure of 47 
folivores assemblages (Pearse & Hipp, 2009). On the other hand, the evolutional flexibilities 48 
are much lower in xylem vessel of important component for wood (Edwards, 2006; Hudson, 49 
Razanatsoa, & Feild, 2010), which may cause the slower changes in trait evolution of 50 
xylophagous insect. This should cause the interference of the factors other than changes in 51 
5 
plant traits on the adaptation of host utilization by herbivores.  52 
Bark and ambrosia beetles (Curculionidae: Scolytinae and Platypodinae), which are 53 
often cited as the example of generalist herbivore (Hulcr et al., 2007), are good candidates to 54 
examine the effect of plant trait evolution on the structure of herbivore assemblage as the 55 
opposite extreme of the specialist, folivore guilds. Larvae of ambrosia beetle grow and fed on 56 
the fungal tissue with pieces of xylem (xylomycetophages) or only the symbiotic fungi as 57 
their exclusive diet (mycetophages; JIRI Hulcr, MOGIA, Isua, & Novotny, 2007) (Fig. 1-1 to 58 
1-4). On the otherhand, bark beetle is largely dependent on nutrient rich phloem 59 
(phloeophagous) as their resources, although some larvae of bark beetles consume not only 60 
phloem but also their symbiotic fungi as their supplemental diet (mycophloeophagous; Six, 61 
2013) (Fig. 1-5 to 1-6).The preferential uses of coniferous trees by bark beetles are well 62 
known because of commercial importance of these interactions (Ploetz, Hulcr, Wingfield, & 63 
de Beer, 2013). In contrast, host of ambrosia beetles is mainly composed of broadleaf tree 64 
species (Ploetz et al., 2013). Although ambrosia beetles may not be intrinsic herbivores 65 
because of their larger dependence on fungi, they are treated as herbivore guild in broad 66 
sense because ambrosia beetles have evolved from herbivorous bark beetles multiple times 67 
(Farrell et al. 2001) and because host recognition of them is based on plant volatile, same as 68 
other herbivore guilds (Wood, 1982).  69 
On the previous study, however, a few studies examined the effect of plant 70 
phylogeny on assembly pattern of beetles for the ambrosia and bark beetles (JIRI Hulcr et al., 71 
2007). The broadest host breadth was reported for this insect guild with the effect of plant 72 
phylogeny on the assemblage structure being confirmed (Novotny et al., 2010). These are 73 
rather strange situation because the broader host range should lead to the less effect of plant 74 
phylogeny on herbivore assemblages. The effects of symbiotic fungi on this relationship are 75 
expected to explain this strange situation by host limitation of their symbiotic fungi. In 76 
6 
particular, the study of host specificity (susceptibility) in the ambrosia symbiotic fungi to 77 
plant have just begun because classification of them was based on morphology of 78 
conidiophores in 20 century (Gebhardt & Oberwinkler, 2005; Kubono & Ito, 2002; 79 
Massoumi Alamouti, Tsui, & Breuil, 2009). The examination of the triadic relationship 80 
should offer the general understandings of the factors regulating the host selection by 81 
ambrosia and bark beetles. 82 
In this thesis, the results of field experiments with standardized sampling procedure 83 
were represented to reveal the factors affecting the host selection and species estimation by 84 
ambrosia and bark beetles. In chapter 2, the results of field experiment examining the effect 85 
of host plant phylogeny on host specificity of bark and ambrosia beetle were presented. In 86 
this chapter, the broader host range of ambrosia beetle assemblage than other folivore guilds 87 
were presented with the effect of host phylogeny on host specificity, which followed the 88 
result of previous studies. Elevational gradient of abiotic factor affected on species richness. 89 
Especially, seasonal variation of environment affected abundance and as a result, host 90 
specificity and species estimation varied between seasons. In chapter 3, the results of field 91 
experiment examining the effect of host deteriorational conditions and insect’s life-stage on 92 
host specificity were presented. In this result, higher host specificity and species richness in 93 
the older condition were confirmed. As a result, species estimation resulted in overestimation 94 
whereas the result of previous chapter was considerably underestimation. From this study, the 95 
important of the volatile for host specificity of ambrosia beetles in the same way as the other 96 
herbivore guilds with feeding live plant tissue, was recognized again. Furthermore, the 97 
decrease of host ranges along with insect’s life-stage was confirmed. It is suggests that the 98 
rearing process might be regulated by the decomposition process, i.e. the effect of fungi. In 99 
Chapter 4, to confirm the effect of the symbiotic fungi on host specificity of ambrosia beetle, 100 
the flora of fungi on ambrosia beetle galleries of 2 Xyleborini species, Xyleborinus 101 
7 
saxeseni(Ratzeburg) (Fig.1-7) and Xylosandrus germanus (Blandford) (Fig. 1-4) was 102 
examined based on the molecular analysis followed by the cultivation. The result showed 103 
host range of the fungi was narrower than that of ambrosia beetles of the gallery-founder, 104 
which suggests the limitation of the fungi to host specificity of ambrosia beetles and their 105 
success of rearing. Furthermore, the galleries of the older condition tend to rich in fungal 106 
species. Finally in general discussion, the factors examined in this thesis from biotic factors, 107 
such as guilds, host phylogeny, host physiological conditions and their symbiotic fungi to 108 
abiotic factor, such as seasonal variation of environment and elevational gradient are 109 
discussed on the basis of host specificity and the estimation of species richness of ambrosia 110 
and bark beetles in local assemblages. These results should be fruitful for forest-agriculture 111 
management, because the ambrosia and bark beetles are known to be a most influential forest 112 
pest in both temperate and also tropical forest worldwide (Six, 2013). Furthermore, the 113 
contribution of their symbiotic fungi to ambrosia beetles give us the clue to clarify the 114 
process to establish the novel host plant and expansion of geographic ranges, which are 115 
frequently reported on the earth (J Hulcr & Dunn, 2011). 116 
 117 
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Figure and Table 186 
 187 
Fig. 1-1 The galleries of Xyleborus seriatus Blandford on Quercus crispula Blume. 188 
 189 
 190 
Fig. 1-2 The gallery of Scolytoplatypus tycon Blandford on Meliosma Myriantha Sieb. et. 191 
Zucc. 192 
12 
 193 
 194 
 195 
Fig. 1-3 The progeny of Xylosandrus crassiusculus (Motschulsky) on Quercus crispula 196 
Blume. 197 
 198 
 199 
Fig. 1-4 The gallery of Xylosandrus germanus (Motschulsky) on Acanthopanax 200 
sciadophylloides Franch. et Savat. This species is one of the most famous 201 
ambrosia beetles for pest species. 202 
13 
 203 
Fig. 1-5 The gallery of bark beetle species, Hylesinus laticollis Blandford, on 204 
Prunus nipponica Matsumura 205 
 206 
 207 
Fig. 1-6 The gallery of bark beetle species, Coccotrypes nubilus (Blandford), on 208 
Prunus nipponica Matsumura 209 
 210 
 211 
Fig. 1-7 Ambrosia beetle species, Xyleborinus saxeseni (Ratzeburg). 212 
 213 
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Chapter 2 1 
The effect of host phylogeny on host specificity of bark and ambrosia 2 
beetles 3 
 4 
Abstract 5 
 6 
Understandings of the effect of host plant phylogeny on the structure of herbivore assemblage 7 
should be useful for estimating global species richness of herbivores. Here I test the 8 
relationship between host plant phylogeny and ambrosia and bark beetle assemblages 9 
including ambrosia beetle assemblage that has been considered to have the lowest host 10 
specificity among plant-dependent guilds. These results of local scale were used for 11 
estimating regional species richness by extrapolating to the number of Japanese plant order 12 
and species, and the estimated numbers were compared with the numbers of described 13 
species in Japan. Tree trunks of 17 plant species representing 17 orders of all major lineages 14 
of Japanese tree flora were exposed for collecting wood boring beetle species. A total of 12 15 
ambrosia and 4 bark beetle species was collected. Similarity of both ambrosia and bark beetle 16 
assemblages showed a significant negative trend with phylogenetic distance between focal 17 
host plant species. The regression model for this relationship was well fitted by linear model 18 
whereas previous study used semi-log model, which should suggest a difference in 19 
mechanism of host utilization with host taxonomic levels. In comparison between 20 
experimental researches, our result showed the broader host range of ambrosia beetle 21 
assemblage in temperate forest than that from the only comparable study in tropical rainforest. 22 
Species richness estimated is lower than the described species in Japan, suggesting more 23 
broader scale research.  24 
 25 
Keywords. Host specificity, ambrosia and bark beetle, host plant phylogeny, temperate mixed 26 
forest, species estimation27 
15 
 1 
Introduction  2 
 3 
Host specificity of herbivorous insects is the range of host plants they can utilize. The degree 4 
of host specificity of herbivorous insects, which ranges from monophagous (specialist) to 5 
polyphagous (generalist), has been associated with adaptive strategies toward host plants with 6 
variation in defensive capability, such as chemical compounds and physical traits (Ødegaard 7 
et al. 2005; Agrawal and Fishbein 2006; Agrawal 2007). Both the quality and the quantity of 8 
plant defence differ among plant parts (e.g., leaf or wood), which should influence the 9 
variation of host specificity among herbivore guilds that are classified according to their uses 10 
of plant parts. Host specificity of herbivorous insects is one of the key predictors of patterns 11 
of biodiversity (Novotny et al. 2002; Ødegaard et al. 2005) and has been widely used in 12 
calculating the local as well as global magnitude of species richness (Novotny et al. 2002; 13 
Novotny et al. 2012; Hamilton et al. 2010). Recent research in a tropical rainforests showed 14 
that the model using host specificity “plant model” is best for estimating the species richness 15 
of herbivore and even nonherbivore taxa among six models examined (Basset et al. 2012). 16 
These emphasize the importance of rigorous measurements of the host specificity for the 17 
biodiversity estimates. 18 
 Heretofore host specificity had been commonly measured by the host range that is 19 
the absolute measure of diet breadth such as the number of host plant species per herbivore 20 
species. On the other hand, recent researches have begun to show the relationship between 21 
phylogenetic distance of host plant species and the similarity of herbivorous assemblages 22 
(Ødegaard et al. 2005; Brändle and Brandl 2006; Hulcr et al. 2007; Gilbert and Webb 2007; 23 
Novotny et al. 2010). Unlike host range, the similarity of herbivorous assemblages is a 24 
relative measure of the difference in host selection between herbivore species (Ødegaard et al. 25 
16 
2005). This relative index enables the analysis of effects of host phylogenetic relatedness on 1 
host selection (Ødegaard et al. 2005; Weiblen et al. 2006; Novotny et al. 2010). Local host 2 
specificity of an herbivore is expected to be sensitive by phylogenetic equivalence of 3 
taxonomic ranks (e.g., species, genus and family) and the diversity of the available host plant 4 
species (Novotny et al. 2010; Weiblen et al. 2006). Thus, the inclusion of phylogenetic 5 
relatedness among host plant species is needed and should improve ecological estimates of 6 
local as well as global species richness of herbivores (Ødegaard et al. 2005).  7 
Despite such importance of the measurements of the host specificity for estimating 8 
global species diversity, only small numbers of guilds were used in the previous studies. 9 
Compare to the wealth of preceding studies on the folivore guilds that contain leaf chewer of 10 
the highest host specificity, any other herbivore guilds are poorly examined (Novotny et al. 11 
2010). More tangible data of host specificity of the guilds other than folivores are needed for 12 
improving ecological estimates of whole herbivores. Ambrosia and bark beetles are the insect 13 
guilds that utilize dying or dead plant materials, especially tree trunks. Ambrosia beetle guild 14 
shows the lowest host specificity among whole herbivore guilds (Novotny et al. 2010), 15 
although bark beetle guild shows relatively high host specificity. According to Novotny et al. 16 
(2010), ambrosia beetles are categorized as fungal chewing guild with mainly feeding on 17 
their symbiotic fungus cultivated inside the sapwood of dying or dead hosts. The bark beetles 18 
are categorized as phloem chewing guild because of mostly feeding on nutrient-rich phloem, 19 
despite that they occasionally forced to feed on fungi with living on weaken and decaying 20 
host trees (Six 2012). Because it is known that ambrosia beetles have evolved from 21 
herbivorous bark beetles multiple times (Farrell et al. 2001), this guild is treated as herbivore 22 
guild in a broader sense in the present study (Hulcr et al. 2007; Novotny et al. 2010). With 23 
these backgrounds, whether the host specificity of ambrosia beetles is meaningfully 24 
influenced by the host plant phylogeny is important, because this result suggests that 25 
17 
phylogenetically localized sampling should lead to a misestimation from a true value of 1 
species richness. 2 
However, previous studies on host specificity of ambrosia beetles were restricted to 3 
those depend on literature searches (Beaver 1979; Brändle and Brandl 2006) or experimental 4 
evidence with confusing result (Hulcr et al. 2007). Thus, an accurate local estimate of species 5 
richness of ambrosia beetles requires sampling from taxonomically broad range of hosts with 6 
considering taxonomic rank of host plants. In this study, host specificity of ambrosia and bark 7 
beetle assemblages among tree species was examined in a cool-temperate mixed forest and 8 
this result was compared with that of previous study in tropical rainforests (Hulcr et al. 2007). 9 
I also provide the validity of regional species richness estimated by using the result of host 10 
specificity comparing to described numbers of species in Japan. Furthermore, these results 11 
may offer an economic significance at the pest control. Many of ambrosia and bark beetle 12 
species are known as insect pest involved in tree diseases and causing considerable value loss 13 
to wood products (Alfaro et al. 2007; Hulcr and Dunn 2011). Our results of phylogenetic 14 
relatedness between hosts in these insect assemblages not only show the importance of 15 
phylogenetic diversity for estimating species richness using by the number of plant species, 16 
but also might offer the valuable information when I predict design of quarantine regulations 17 
in international trade of timbers and the wood products and risk analysis of invasive species 18 
(Gilbert, Magarey, Suiter, & Webb, 2012; Gilbert & Webb, 2007).  19 
 20 
 21 
Materials and methods 22 
Study area and plant species 23 
 24 
18 
The study was conducted in a mosaic of primary cool-temperate mixed forest of Tochimoto 1 
Tract, the University of Tokyo Chichibu Forest in central Japan (35° 54ʹ′ N, 138° 49ʹ′E). 2 
Primary forest is dominated by Fagus japonica, Fagus crenata or Tsuga sieboldii in lower 3 
altitudes and Tsuga diversifolia in higher altitudes (The University of Tokyo Chichibu Forest, 4 
2011). Average annual temperature during 1996-2010 is 11.0°C and average annual rainfall 5 
is 1514.2 mm at Tochimoto (The University of Tokyo Chichibu Forest 2011). 6 
 For the field experiment, 17 tree species from 17 orders were selected so that they 7 
were locally abundant, and represented all major lineages (at order level) of dicotyledonous 8 
plant species with an exception of one conifer (Tsuga diversifolia, Pinaceae) (Fig.2-1 and 9 
Table 2-1. This assemblage included 8 plant orders that overlap with the study by Hulcr et al. 10 
(2007) using 10 orders in tropical rainforests of Papua New Guinea. In this study, I followed 11 
the taxonomic nomenclature by Y-list (Yonekura and Kajita 2003) that support APGII.  12 
 13 
Insect sampling 14 
 15 
The study was conducted from 2011 to 2012. In 2011, every month from June to August, 16 
healthy tree individuals of 17 species were cut in Chichibu Forest and prepared as 17 
100-cm-long bolts for baits. The diameter of bolts ranged from 4.4 to 12.2 cm (7.6 ± 1.6, 18 
mean ± SD). The end sections of each bolt were coated with paraffin wax to prevent 19 
desiccation. These bolts were left on the forest floor in each of three elevations (1100m, 20 
1450m, and 1800m asl.) and exposed to insect attacks for about 80 days (76, 83, and 77 days 21 
for each month, respectively), while covered by coarse mesh net (16 mm × 16 mm of mesh 22 
size) to prevent deer grazing. In total, 27 bolts (3 months × 3 elevations × 3 replicates) were 23 
prepared for each tree species. In 2012, the condition of the experiment was the same as in 24 
2011 except as follows: healthy tree bolts of 17 species were exposed next to the bolts in the 25 
19 
middle of deteriorational conditions and for 104 days from 16 June. The diameter of bolts 1 
ranged from 3.8 to 14.5 cm (7.8 ± 2.4, mean ± SD). In total, 612 bolts, i.e. 17 species × 4 2 
months × 3 elevations × 3 replicates were used for the present study.  3 
After the exposure, the assemblage of ambrosia and bark beetle species in each bolt 4 
was determined by dissecting. All entry holes on the surface of the inner bark or that of 5 
phloem after debarking were marked and the beetle individuals within the holes were 6 
collected. The number of entry holes, which is equal to the number of galleries, was counted 7 
by matching the holes on inner bark and phloem. In this study, this number of entry holes was 8 
taken as a sampling unit. Insects under the bark were checked first, and then those in the 9 
sapwood were checked by breaking the bolts. Insects collected from each gallery were kept 10 
separately in a bottle with 70% ethanol. Thereafter, adults were pinned for further 11 
identification. The beetles were sorted into morphospecies and were subsequently identified 12 
to species by H. Goto (Forestry and Forest Products Research Institute, Kyushu, Japan). 13 
Ambrosia or bark beetle species were distinguished by references from the list of scolytine 14 
species (Kabe 1959; Nobuchi 1971; Hulcr and Smith 2010). Voucher specimens were 15 
deposited in the main campus of Chiba University.  16 
 17 
Data analysis 18 
 19 
The following analysis were carried out basically on the all data set (2010 + 2011) and a part 20 
of which was done only for 2011 data because of the different condition in sample size and 21 
duration of exposure between two years. 22 
For assessing whether samples include large part of rare species (see Hulcr et al. 23 
2007), the observed species richness was compared with the potential species richness 24 
estimated by the simulation implemented in the EstimateS 9 software (Colwell et al. 2012; 25 
20 
Fig. 2-2). Species incidence curves were derived from total number of scolytine species 1 
(composed of both ambrosia and bark beetle species) with each bolt using the Mao Tau 2 
function (an analytical analogue of a rarefaction curve derived from randomized resampling). 3 
The curve of the potential scolytine species richness without sampling bias was estimated 4 
using Chao 2 statistics based on the number of bolts in EstimateS 9, similarly. This estimator 5 
performs well for samples with a substantial proportion of rare species and with potentially 6 
many species not sampled (Colwell et al. 2004). Then, species incidence curves from 7 
observation were compared with that of Chao 2. Complete data including singletons which is 8 
the species only one entry hole was found throughout the present study were used for 9 
construction of the species accumulation curves. 10 
Generalized linear model (GLM) with Poisson distribution was used to search for 11 
the preference of beetle species to various factors. We designated abundance or species 12 
richness of insect (pooled by bolt as a unit) as the response variable, with exposed elevation 13 
(continuous variables), exposing date (continuous variables), host plant species that insect 14 
appeared (17 categories), the maximum diameter of the bolt (continuous variables), wood 15 
density of the bolt (continuous variables) as explanatory variables. Log function was used as 16 
the link function. We checked the Akaike information criteria (AIC) for selecting the best 17 
model by stepwise method (backward process). 18 
To estimate phylogenetic distances between plant species, phylogenetic 19 
relationships among targeted plant species (except Tsuga diversifolia) were reconstructed 20 
based on a dated angiosperm supertree using Phylocom (Webb et al. 2008) that contains the 21 
standalone version of Phylomatic (Davies et al. 2004). This tool joins the targeted species at 22 
the appropriate place to a larger phylogenetic tree, maintaining the branch lengths in the base 23 
tree, and prunes all intervening taxa. The result is an ultrametric tree with branch lengths 24 
reflecting estimated time between branching events. After making phylogenetic tree 25 
21 
composed of angiosperm species, Tsuga diversifolia was included in this tree as an outgroup 1 
at 190 MYA (Million Years Ago), according to the time of the gene duplication event that 2 
occurred near the split of extant gymnosperms and angiosperms (Jiao et al. 2011) and 3 
according to an analysis of morphological data containing fossils and molecular data (Bell et 4 
al. 2005). Pairwise phylogenetic distances between all plant species were calculated by the 5 
‘cophenetic’ function of R Statistical Software (R Development Core Team 2010) from 6 
newick file of phylogenetic tree data loaded by ‘read.tree’ function of the ‘ape’ package 7 
(Paradis et al. 2004).  8 
Pairwise similarities among beetle assemblages of each tree species were measured 9 
by the Jaccard index by quantifying the average proportion of shared species between 10 
assemblages. Chao–Jaccard index which provides robust results even for incomplete samples 11 
with numerous rare and unsampled species (Chao et al. 2005) were also calculated. 12 
Chao–Jaccard index was calculated on raw abundance data and estimated in R Statistical 13 
Software with the ‘vegdist’ function in the vegan package (Oksanen and Kindt 2007). 14 
Because these indexes calculate the dissimilarity among assemblages, I convert these to 15 
similarity by subtracting them from 1. Significance of the correlation between the similarity 16 
of beetle communities and the phylogenetic distance of their host plant species was tested by 17 
two-sided Mantel test (99,999 runs) by ‘mantel’ function in the ‘ecodist’ package.  18 
To reduce the bias in calculating the similarity, the data on beetle assemblages were 19 
standardized by excluding singletons. This procedure of excluding singletons was also 20 
applied to the calculations of number of host species and species richness per host. According 21 
to Novotny et al. (2010), less informative records were excluded from the analysis. Singleton 22 
species and the single plant-insect interaction, i.e. the interaction between  species and  23 
plant species based one indiviulal, were excluded. Furthermore, because of the specific beetle 24 
22 
fauna on conifer tree species (Brändle & Brandl, 2006), the procedure excluding the results 1 
from conifer species was also tried. 2 
The total theoretical species richness of both ambrosia and bark beetles in Japan 3 
was estimated first by the species-accumulation curves of Mao Tau function from 4 to 17 4 
plant species. Second, using this curves with a power function, species richness were 5 
extrapolated based on the number of plant order and species described in Japan with being 6 
tallied based on Japanese flora of the approximate number of woody plants (Satake et al. 7 
1989) with the recalculation following the APG III classification system (Bremer et al. 2009). 8 
For both ambrosia and bark beetles, complete data including singletons were used for 9 
construction of the species accumulation curves. The effective specialization, i.e. the 10 
proportion of herbivorous species feeding on a particular host plant that was unique, was 11 
estimated as F = Sp ⁄ Tph, i.e. as the ratio of the total number of herbivorous species found on 12 
all hosts studied (Sp) divided by the number of trophic interactions involving these hosts 13 
(Tph) (May and Beverton 1990). This index is closed to 1 with increasing monophagy in the 14 
assemblage and to 0 with increasing polyphagy. In this index, singletons were also excluded 15 
from analysis.  16 
 17 
 18 
Results 19 
 20 
From the results of 2011, 12 ambrosia beetle and 4 bark beetle species were sampled from 21 
437 holes in the 459 bolts (17 species × 3 months × 3 elevations × 3 replicates), (Table 2-2). 22 
For ambrosia beetle, the number of species obtained at 1100m, 1450m and 1800m was 11, 5 23 
and 2, respectively. For bark beetle, these were 2, 1 and 1, respectively. The ambrosia beetle 24 
assemblage clearly showed a nested pattern in the host plant association with altitude (Table 25 
23 
2-2). The species accumulation curve for complete data containing singletons has almost 1 
reached the Chao 2 estimate of the total number of species in 2011 (Fig. 2-2), which suggests 2 
that samples include large part of rare species was enough to analysis. However there was 3 
some difficulty to confirm whether or not the species accumulation curve for the entire data 4 
set including the data from 2012 reached an asymptote. Regardless of one-third of sampling 5 
bolts in 2012 compared with 2011, 18 ambrosia beetle and 2 bark beetle species were 6 
sampled from 3281 holes in the 153 bolts, whereas 12 ambrosia beetle and 4 bark beetle 7 
species in 2011. The number of species obtained at 1100m, 1450m and 1800m was 12, 8 and 8 
8 species for ambrosia beetle and 2, 2 and 2 species for bark beetle, respectively. 9 
Elevationally nested pattern for ambrosia beetles was confirmed from data obtained in 2011 10 
and the entire data set although the species with a few individuals was out of the nested 11 
pattern (Table 2-2). For bark beetles, species richness in 2012 was 2 species whereas species 12 
richness in 2011 was 4 species. Their appearance pattern of bark beetles was restricted to 13 
specific elevation in 2011. Although the pattern was partly loose in 2012, the center of 14 
gravity of abundance was retained.  15 
In ambrosia beetles, the number of host plant species per beetle species ranged 16 
from 1 to 13 with the average number of species being 6.1 in 2011(2-3). The average number 17 
of species was 4.9 in 2012, and was 6.0 for the sum of the two years result. The species with 18 
broadest host range (i.e. 13) was Xyleborinus saxeseni with 69 holes in 2011 but was 19 
Xyleborinus germanus in 2012, which was appeared in 14 plant species. There was only 20 
monophagous ambrosia beetle species; Scolytoplatypus shogun with 2 holes from Acer 21 
micranthum (Sapindales) but this species was also appeared in Tsuga diversifolia in 2012. In 22 
addition, 2 ambrosia species also appeared to be monophagous but were collected only as 23 
singletons, and thus partly excluded from the analysis of host specificity in 2011 (Table 2-2). 24 
Average species richness per host was 4.5 for ambrosia beetles in 2011, which did not differ 25 
24 
from that in 2012. In bark beetle species, the average number of host plant species being 2.0 1 
in 2011 and 3.5 in 2012 (Table 2-3). Only Coccotrypes nubilus was polyphagous species with 2 
the abundance of 12 holes from 5 host plant species in 2011 and 91 holes from 6 host plant 3 
species in 2012, which pushed up the average number of host plant for bark beetles. Average 4 
species richness per host was 0.7 in 2011 and 1.2 in 2012, respectively. 5 
In GLM and subsequent model selection procedure for the beetle abundance, the 6 
model with exposing date, wood density of the bolt, exposed elevation and host plant species 7 
as the explanatory variables was selected as the best model (Table 2-4). In the selected model, 8 
wood density (coefficient = 2.33, p < 0.001) had the strongest effects on the abundance. On 9 
the other hand for the species richness, the model with exposing date, exposed elevation and 10 
host plant species was selected as the best model (Table 2-4). Exposing date had positive 11 
effects on both the abundance (coefficient = 0.07, p < 0.001) and the species richness 12 
(coefficient = 0.05, p < 0.001) in the best models. 13 
From data obtained in 2011, both Jaccard and Chao–Jaccard similarity indexes 14 
between beetle assemblages significantly decreased with the phylogenetic distance of their 15 
host plant species (Table 2-5) in ambrosia beetles (r = -0.579, P = 0.001 for Jaccard index, 16 
Fig. 2-3 and r = -0.492, P = 0.03 for Chao–Jaccard index, Fig. 2-4 by Mantel test) and bark 17 
beetles (r = -0.637, P = 0.04 and r = -0.612, P = 0.04, respectively). Although, from all data 18 
containing data obtained in 2012, there was no significance in both ambrosia beetle (r = -0.16, 19 
p = 0.40 for Jaccard index and r = 0.16, p = 0.31 for Chao–Jaccard index) and bark beetles (r 20 
= -0.13, p = 0.73 and r = -0.47, p = 0.16, respectively), broad-leaf species still have slightly 21 
effect on the beetle assemblages (r = -0.44, p = 0.05 in ambrosia beetles and r = -0.41, p = 22 
0.06 for Jaccard index, Table 2-5). On bark beetles, the effect of phylogenetic distance were 23 
also confirmed by the other procedures of reducing the sampling bias, i.e., excluding the 24 
25 
single plant-insect interactions (r = -0.64, p = 0.02 for Jaccard index and r = -0.56, p = 0.04 1 
for Chao–Jaccard index, respectively, Table 2-6). 2 
The estimated number of species from the extrapolation based on the number of 3 
plant order and plant species were 16 and 49 for ambrosia beetles, and 7 and 81 for bark 4 
beetles in 2011, respectively (Fig. 2-5). From all data, on the other hand, the estimated 5 
number of species extrapolated from plant order and species from all data were 25 and 77 for 6 
ambrosia beetles, and 7 and 75 for bark beetles, respectively. The effective specialization of 7 
herbivorous species (F) of ambrosia beetle guild was 0.16 and bark beetle guild was 0.5 in 8 
2011 whereas 0.26 and 0.44 in 2012, respectively. 9 
 10 
 11 
Discussion 12 
 13 
For ambrosia beetle species, the mean host range shown in this study (6.0 ± 1.5, mean ± SE, 14 
Table 2-3) from the all data was broader than that reported in the study (3.76, mean) by Hulcr 15 
et al. (2007). By examining the gradient in host specificity with latitudinal cline, Beaver 16 
(1979) suggested that the ambrosia beetle species, unlike other herbivore guilds, were less 17 
host-specific in the tropical rainforest than temperate forest. The present study showed that 18 
the host range of ambrosia beetles in temperate forest is broader than those in tropical 19 
rainforest. On the other hand, species richness of ambrosia beetles per host in our study (4.4 ± 20 
0.5, means ± SE) was significantly lower than that in Hulcr et al. (2007) (12.8 ± 1.9, V. 21 
Novotny personal communication as a co-author). Furthermore, the degree of effective 22 
specialization was lower than the value in previous study in tropics (Novotny et al. 2010). 23 
These results suggest that α-diversity per host plant species in temperate forest is lower than 24 
that in tropical rainforest with relatively large number of generalist being present in temperate 25 
26 
forest. Including the lower diversity of host plant species in temperate forests than tropical 1 
rainforests (Fischer 1960; Macarthur 1972), all of these factors should contribute to the lower 2 
local diversity of ambrosia beetle species in temperate forests.  3 
For bark beetle assemblage, host range was within the range of variation (standard 4 
deviation) of the result of Novotny et al. (2010) in tropical rainforest, which suggests that 5 
host specificity of bark beetle assemblage between temperate and tropical rainforests is 6 
similar. However, our conclusions are based on only 4 species, and further study on the 7 
susceptible range of host plant species and /or inclusion of geographical variation is needed 8 
for a confirmation of these tentative results.  9 
The effect of plant phylogeny on the replacement of composition of ambrosia 10 
beetle species among host plant species was also evident: similarity of the assemblages on 11 
plant species showed significant negative trend with host phylogenetic distance in accordance 12 
with the previous result (Novotny et al. 2010). Although, the result containing data obtained 13 
in 2012 showed no significant trend, the existence of broad-leaf species were stably affected 14 
the trend of similarity, which was showed in the relationship between the Jaccard’s similarity 15 
and the host phylogenetic distance which used only angiosperms from data obtained in 2011 16 
and combined data with data of 2012 (Fig. 2-5). The existence of coniferous species unstably 17 
affected the trend of similarity in between 2011 and 2012 (see Fig. 2-3, Fig. 2-4 and Table 18 
2-5): the existence of Tsuga diversifolia had weaken the effect of plant phylogeny on beetle 19 
assemblages in 2012. Angiosperms is main host of ambrosia beetles and regarded as the 20 
contributor of their speciation from bark beetles which used gymnosperms as their main host 21 
(Farrell & O’Meara 2001; Marvaldi, Sequeira, O’Brien, & Farrell, 2002). It is also known 22 
that some ambrosia beetles shifts back to gymnosperms after diversification (Marvaldi et al, 23 
2002). The present result, which showed the clear effect of angiosperms and the ambiguous 24 
27 
effect of gymnosperms on the host specificity of ambrosia beetles, might support their 1 
ancestral history.  2 
Novotny et al. (2012) which shares a lot of focal plant taxa at order level with the 3 
present study (see Table 2-1) showed the significant effect of plant phylogeny from the same 4 
data but used the similarity measured by Jaccard index which is based on species incidence 5 
(i.e., presence/absence) data. As Hulcr et al. (2007) pointed out, bark and ambrosia beetles 6 
uses species-specific chemical compounds for searching their suitable host and mate, which 7 
could cause pseudo-replicated distribution of their abundance among individual bolts. The 8 
result from Jaccard similarity that is robust against abundance might be able to catch the 9 
effect of host phylogeny. The other notable difference is that Hulcr's study sampled during 3 10 
seasons (2002-2005) with the same size sampling, whereas our study sampled in 2 season of 11 
full size sampling in 2011 and a third part of sample size in 2012. In fact, the season could be 12 
one of the critical factors on host specificity of both bark and ambrosia beetles because of the 13 
results that the abundance of both beetles in 2012 is 3.7 times as abundant as that of 2011 14 
with the greatly increase of the number of polyphagous species, regardless to the less sample 15 
size in 2011. For example, the broadest host range species of bark beetles was Coccotrypes 16 
nubilus and its abundance increased from 12 (32%, the rate in the guild) to 79 (68%) during 17 
2011-2012, whereas species richness of the guild in 2012 was half times as that of 2011 18 
(Table 2-3). As a consequence, the effect of plant phylogeny on host specificity of bark 19 
beetles was low reliability and dependent on only one interaction between Tsuga diversifolia 20 
of coniferous species and C. nubilus in all data (see Table 2-6, excluding single interaction). 21 
For ambrosia beetles, although species richness was increased from 12 to 19, abundances of 22 
species of the broadest host range in 2011 (Xyleborinus saxeseni) and in 2012 (Xylosandrus 23 
germanus) also increased from 69 (17%) to 771 (53%). These changes suggest that data 24 
obtained in 2011 and 2012 was compositionally different and the season is the important 25 
28 
factor for host specificity. These methodological differences above influence the effect of 1 
plant phylogeny on similarity of bark and ambrosia beetle assemblages. However, even under 2 
these circumstances, because none of the published studies other than Hulcr's one are found 3 
on bark and ambrosia species comparable with our study, thus I present the results on the 4 
comparison with the study. 5 
In the present study, the relationship between phylogenetic distance and similarity 6 
between assemblages was described as linear. On the other hand, previous studies had shown 7 
nonlinear relationships (Ødegaard et al. 2005; Novotny et al. 2010). For example, Ødegaard 8 
et al. (2005) carried out their analysis by fitting nonlinear regression model (semi log-model). 9 
Novotny et al. (2010) also showed significant negative trend by the semi log-model (note that 10 
the axis of the phylogenetic distance in their article is logarithmic expression). In our case, 11 
however, simple regression model was well fitted on the assemblage data at orders levels of 12 
host plant. The reason why the semi log-models explained more of the variance than simple 13 
linear models might be the extremely unbalanced high similarity at inter-genus levels in the 14 
previous studies. On this basis, Ødegaard et al. (2005) mentioned that the most recent 15 
taxonomic branching events are most important for host utilization among herbivores. As 16 
Anderson et al. (2011) recommended in the context of β-diversity (spatial replacement of 17 
species), the comparison of the rate of turnover among assemblages would provide effective 18 
tools for understanding the meaning and the effect of the gradient examined (Anderson et al. 19 
2011). The detection of the inflection point of the relationship between the phylogenetic 20 
distance and similarity among assemblages and the causes of this inflection might be 21 
important to understand the evolutionary trajectory of herbivore diversifications.  22 
Although the significant relationship between host phylogenetic distance and the 23 
similarity between both ambrosia and bark beetle assemblages gives validity to some degree 24 
for estimation of species richness using the number of the plant species examined, the 25 
29 
estimated numbers of species by the extrapolation based on the number of Japanese plant 1 
order (16 ambrosia and 7 bark beetle species, respectively) and species (49 ambrosia and 81 2 
bark beetle species) using data obtain in 2011 were far less than currently described numbers 3 
of species in Japan (see Fig. 2-5). These results of underestimation still remain even if using 4 
the two-year’s data. According to the list of Japanese Scolytidae and Platypodidae (Goto 5 
2009) and the references of ambrosia and bark beetles (Kabe 1959; Hulcr and Smith 2010), 6 
119 species of ambrosia beetles and 201 species of bark beetles are described. Our results 7 
with considerable underestimation clearly suggest the effects of the other factors not 8 
examined in the present study. Especially, host physiological conditions and geographical 9 
gradient (β-diversity), e.g., altitudinal and latitudinal gradient, and landscape heterogeneity 10 
(Novotny et al. 2012; Rosenzweig 1995) should be taking into account for explaining the gap 11 
between the estimated and described species richness. In fact, GLM analysis suggested that 12 
the exposing date was also effectible on species richness (Table 2-4), which suggests the 13 
deteriorational conditions of woody tissue affect on host specificity of bark and ambrosia 14 
beetles. This effect was examined in the following chapter. On the other hand, In regard to 15 
the elevation, I controlled the factor in this study but did not estimate species accumulation 16 
curves by considering each elevation separately, because the structure of ambrosia beetle 17 
assemblages was highly nested based on lower elevation to higher ones (Table 2-2). For bark 18 
beetle assemblage, there were too few species to draw species accumulation curves for each 19 
elevation, but the trend of higher specificity to different elevations requests the continuous 20 
examination on the altitudinal factor. Whether or not the pattern was nested should have a 21 
relationship with their radiation to humidity and temperatures in ambrosia beetle and bark 22 
beetle (Atkinson and Equihua-Martinez 1986; Hoffstetter et al. 2007; Farrell et al. 2001; Six 23 
2012). On the other hand, with regard to the geographical heterogeneities from the subarctic 24 
to the subtropics, the relative abundance of each plant species is decreasing with the 25 
30 
increasing distance from suitable site for regeneration. In these condition in Japan, it is 1 
difficult in one study site to take a sufficient sample from plant species that are locally less 2 
abundant, because the abundance of bark and ambrosia beetle species is correlated with 3 
resource availability of host plant species (Bussler et al. 2011) and some species prefer larger 4 
size tree individuals (Amman 1977, Hijii et al. 1991). Furthermore, although our survey only 5 
focused on the variation of assemblage in order level of host plants only, more complex 6 
pattern at the lower taxonomic levels (e.g., co-ordinal, confamilial and congeneric) is 7 
expected. In fact, compare to the ratios of the numbers of described species between 8 
ambrosia and bark beetle, which were 37% and 63%, the expected ratios by extrapolation 9 
based on the number of Japanese plant species were more closer than those based on 10 
Japanese plant order  as shown in Figure 2-5. As suggested by Novotny et al. (2012), this 11 
result does not directly show herbivore species richness for large floras, but species richness 12 
of plant dependent insect for Japanese floras, but suggests that host plant phylogeny of lower 13 
taxonomic level, such as difference between plant species has an effect on the evolution of 14 
the herbivore species of even the lowest host plant specificity. 15 
 The other critical factor affecting host plant selection by ambrosia beetle may be 16 
their symbiotic fungi (Belmain et al. 2002; Hulcr and Dunn 2011). Species composition of 17 
symbiotic fungi should be also examined to understand host plant range of ambrosia beetle 18 
species. Recently, Hulcr et al. (2011) reported that the expansion of the damage to wood 19 
products by some invasive ambrosia beetles is related to the increased probability of novel 20 
combinations between ambrosia beetle and their symbiotic fungi by the increase of remote 21 
artificial migration of beetles through commercial timber trade. So it is just conceivable that 22 
broadening of host-plant range of ambrosia beetles with latitude gradient is reflected on 23 
redundancy in symbiotic fungi used by ambrosia beetles (Roe et al. 2011). Because these 24 
symbiotic fungi are known to decrease their metabolic activity with decreasing temperature 25 
31 
(Hofstetter et al. 2007), it is reasonable that the redundancy of symbiont was lower in higher 1 
latitude. In fact, species richness of ambrosia beetles was elevationally nested with species 2 
rich in low elevation (Table 2-2). Therefore the examination of these three components, i.e. 3 
ambrosia and bark-beetles, host plant and their symbiotic fungi, with environmental gradients 4 
would be required for the understanding of holistic image of host selection. Furthermore this 5 
knowledge would provide not only quantitative information for analysing agricultural 6 
impacts when the insect species invade unnatural habitat, but also the insights for the 7 
regulation of host range with showing the possibility of host shifts and the identification of 8 
alternative hosts. 9 
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Table and Figure 
Table 2-1 The focal plant species in this study. Order was compliant based on APG III classification system. Wood densities (g cm–3) are 
averages from 27 bolts per species. Species with round stamp were overlapped with those examined by Hulcr et al. (2007) at order level. 
Species Family Order Wood density Hulcr et al. (2007) 
Tsuga diversifolia (Maxim.) Mast. Pinaceae Coniferae 0.95 - 
Salix bakko Kimura Salicaceae Malpighiales 0.74 ¡ 
Fagus japonica Maxim. Fagaceae Fagales 0.92 - 
Magnolia obovata Thunb. Magnoliaceae Magnoliales 0.78 ¡ 
Trochodendron aralioides Siebold et Zucc. Trochodendraceae Trochodendrales 0.96 - 
Euptelea polyandra Siebold et Zucc. Eupteleaceae Ranunculales 0.89 - 
Cercidiphyllum japonicum Siebold et Zucc. ex Hoffm. et Schult. Cercidiphyllaceae Saxifragales 0.84 - 
Pieris japonica (Thunb.) D.Don ex G.Don subsp. Japonica Ericaceae Ericales 0.86 ¡ 
Prunus nipponica Matsum. Rosaceae Rosales 0.91 ¡ 
Acer micranthum Siebold et Zucc. Sapindaceae Sapindales 0.76 ¡ 
Meliosma myriantha Siebold et Zucc. Sabiaceae Basaleudicot 0.87 - 
Ilex macropoda Miq. Aquifoliaceae Aquifoliales 0.89 - 
Swida controversa (Hemsl. ex Prain) Soják Cornaceae Cornales 0.88 - 
Acanthopanax sciadophylloides Franch. et Sav. Araliaceae Apiales 0.73 - 
Fraxinus lanuginosa Koidz. f. lanuginosa Araliaceae Lamiales 0.86 ¡ 
Wisteria floribunda (Willd.) DC. Leguminosae Fabales 0.6 ¡ 
Tilia japonica (Miq.) Simonk. Malvaceae Malvales 0.66 ¡ 
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Table 2-2 List of species of ambrosia and bark beetles examined in the present study. The host range and elevations at which they were obtained 
were also shown. Round stumps showed the presence of the species at the elevation. Platypus modestus Blandford and Scolytoplatypus mikado 
Blandford were excluded from the analysis of host specificity because of the singletons. 
Guild Subfamily Tribe Species 
Host range 
ABD 
2011 2012 
2011 2012 1100m 1450m 1800m 1100m 1450m 1800m 
Ambrosia beetle  Platypodidae Platypodini Platypus severini Blandford 2 9 4 0 0 26 0 0 
(Fungal chewers) Platypodidae Platypodini Platypus modestus Blandford 1 8 1 0 0 41 23 3 
 Xyloterini Trypodendron Trypodendron proximum (Niisima) 0 1 0 0 0 0 4 0 
 Scolytinae Scolytoplatypodini Scolytoplatypus mikado Blandford 1 
1 1 0 0 0 0 0 
 Scolytinae Scolytoplatypodini Scolytoplatypus shogun Blandford 1 
1 0 2 0 0 0 1 
 Scolytinae Scolytoplatypodini Scolytoplatypus tycon Blandford 0 
1 0 0 0 0 0 34 
 Scolytinae Scolytoplatypodini Scolytoplatypus daimio Blandford 0 1 0 0 0 0 0 7 
 Scolytinae Xyleborini Ambrosiodmus lewisi (Blandford) 3 7 4 0 0 9 0 0 
 Scolytinae Xyleborini Ambrosiodmus rubricollis (Eichhoff) 4 2 5 0 0 3 0 0 
 Scolytinae Xyleborini Xyleborus sp. 1* 0 1 0 0 0 0 1 0 
 Scolytinae Xyleborini Xyleborus sp. 4* 0 1 0 0 0 0 1 0 
 Scolytinae Xyleborini Xyleborus sp. 5 0 3 0 0 0 6 0 0 
 Scolytinae Xyleborini Xyleborus sp. 6* 0 1 0 0 0 1 0 0 
 Scolytinae Xyleborini Xyleborus minutus Blandford 5 5 10 0 0 12 3 1 
 Scolytinae Xyleborini Xyleborus seriatus Blandford 7 3 26 5 0 32 197 4 
 Scolytinae Xyleborini Xylosandrus crassiusculus (Motschulsky) 12 
7 180 3 0 41 60 0 
 Scolytinae Xyleborini Xylosandrus germanus (Blandford) 12 
14 58 32 1 62 695 14 
 Scolytinae Xyleborini Xyleborinus saxeseni (Ratzeburg) 13 
11 60 8 1 78 82 8 
 Scolytinae Xyleborini Xyleborinus attenuatus (Blandford) 2 4 2 0 0 7 0 0 
Bark beetle  Scolytidae Hylesinini Hylesinus laticollis Blandford 1 1 22 0 0 0 0 0 
(Phloem chewers) Scolytinae Dryocoetini Cyrtogenius brevior (Eggers) 1 1 2 0 0 25 12 1 
 Scolytinae Dryocoetini Coccotrypes nubilus (Blandford) 5 
6 0 12 0 35 42 2 
  Scolytinae Dryocoetini Dryocoetes hectographus Reitter 1 0 0 0 2 0 0 0 
* species excluded from the analysis because of the small sample sizes
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Table 2-3 Results of generalized linear models (GLMs) for the factors affecting (i) abundance and (ii) 1 
species richness for insect beetles. Poisson distribution and log link function were used in the models. 2 
The models with the fewest AIC were selected as the best models.  3 
 4 
(i) Abundance   Coefficient 
Std. 
Error 
z value 
(Wald-test)   
Intercept 
 
-4.6 0.42 <0.0001 *** 
Exposing date 
 
0.07 0.00 <0.0001 *** 
Density 
 
2.33 0.24 <0.0001 *** 
Exposing elevation 
 
-0.002 0.00013 <0.0001 *** 
Host Pieris japonica -16.76 300.04 0.955 
 
 
Meliosma myriantha -1.18 0.20 <0.0001 *** 
 
Fagus japonica 0.43 0.14 0.002 ** 
 
Cercidiphyllum japonicum -0.19 0.15 0.214 
 
 
Fraxinus lanuginosa -1.23 0.21 <0.0001 *** 
 
Acanthopanax sciadophylloides -0.15 0.18 0.414 
 
 
Acer micranthum 1.03 0.12 <0.0001 *** 
 
Tsuga diversifolia -0.18 0.15 0.229 
 
 
Tilia japonica -1.49 0.30 <0.0001 *** 
 
Prunus nipponica -0.68 0.17 <0.0001 *** 
 
Salix bakko -0.63 0.21 0.002 ** 
 
Euptelea polyandra -1.81 0.29 <0.0001 *** 
 
Wisteria floribunda -0.68 0.22 0.002 ** 
 
Magnolia obovata -2.27 0.35 <0.0001 *** 
 
Swida controversa 0.03 0.15 0.819 
  Trochodendron aralioides -3.67 0.59 <0.0001 *** 
 5 
(ii) Species richness   Coefficient 
Std. 
Error 
z value 
(Wald-test)   
(Intercept) 
 
-0.582 0.563 0.301 
 Exposing date 
 
0.048 0.004 <0.0001 *** 
Exposing elevation 
 
-0.003 0.004 <0.0001 *** 
Host plant species Pieris japonica -17.554 819.93 9.83E-01 
 
 
Meliosma myriantha -2.442 0.737 <0.001 *** 
 
Fagus japonica 0.602 0.259 0.02 * 
 
Cercidiphyllum japonicum 0.083 0.289 0.773 
 
 
Fraxinus lanuginosa -0.363 0.326 0.265 
 
 
Acanthopanax sciadophylloides -0.191 0.31 0.538 
 
 
Acer micranthum 0.559 0.244 0.022 * 
 
Tsuga diversifolia -0.302 0.32 0.345 
 
 
Tilia japonica -0.833 0.379 0.028 * 
 
Prunus nipponica 0.000 0.295 1 
 
 
Salix bakko -0.07 0.302 0.817 
 
 
Euptelea polyandra -0.938 0.393 0.017 * 
 
Wisteria floribunda -0.938 0.393 0.017 * 
 
Magnolia obovata -1.19 0.432 0.006 ** 
 
Swida controversa 0.361 0.272 0.184 
  Trochodendron aralioides -2.037 0.614 <0.001 *** 
The marks means >.05 * , >.01** , >.001***, respectively. 6 
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Table 2-4 Mean number of host plant species, Mean species richness per host and the effective specialization, F of the both ambrosia 1 
and bark beetle assemblages. The brackets were SE.  2 
  Mean number of host range Mean species richness per host Effective specialization 
  2011 2012 all 2011 2012 all 2011 2012 all 
Ambrosia beetle 6.1 ± 1.5 4.9 ± 1.0 6.0 ± 1.2 4.5 ± 0.6 4.9 ± 0.7 6.4 ± 0.7 0.16 0.21 0.26 
Bark beetle 2.0 ± 1.0 3.5 ± 2.5 2.3 ± 1.3 0.7 ± 0.2 1.2 ± 0.2 1.3 ± 0.2 0.5 0.29 0.44 
 3 
Table 2-5 The correlation matrix of plant phylogenetic distance and the similarity of ambrosia and bark beetles. r is Pearson correlation 4 
coefficient. p-value was derived from two-sided mantel test and the result was shown as follows; >.06 † ,>.05 * , >.01** , >.001***, 5 
respectively. 6 
  
Ambrosia beetle 
 
Bark beetle 
  
2011 2012 all 
 
2011 2012 all 
Jaccard Index All Plant species -0.57*** -0.12 -0.16 
 
-0.64* 0.1 -0.13 
 
Broad leaf -0.47** -0.19 -0.44† 
 
-0.41† -0.52 -0.41† 
Chao-Jaccard Index All Plant species -0.49* -0.06 -0.16 
 
-0.61* -0.63 -0.47 
 
Broad leaf -0.23 -0.14 -0.31 
 
-0.48† -0.01 -0.33 
 
 7 
Table 2-6  The correlation matrix of plant phylogenetic distance and the similarity of ambrosia and bark beetles from all data with procedures 8 
for reducing the sampling bias by excluding the single interaction and insect species appeared in a single bolt. r is Pearson correlation coefficient. 9 
p-value was derived from two-sided mantel test and the result was shown as follows; >.06 † ,>.05 * , >.01** , >.001***, respectively. 10 
  
Ambrosia beetle   Bark beetle   
Jaccard Index Excluding single interaction -0.20 -0.64* 
 
Excluding single tree -0.05 -0.64* 
Chao-Jaccard Index Excluding single interaction -0.18 -0.56* 
  Excluding single tree -0.16 -0.56* 
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 1 
Fig. 2-1. Phylogeny of focal plant species derived mainly from the dated angiosperm 2 
supertree (Davies et al., 2004) except Tsuga diversifolia of gymnosperm that was inserted 3 
into the outside of this tree, according to Jiao et al. (2011) and Bell et al. (2005). 4 
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 1 
Fig. 2-2. Species accumulation and an estimate of total species richness calculated by using 2 
only data obtained in 2011 (a) and both two years data (b). Complete data for all ambrosia 3 
and bark beetle species and all 17 plant orders were included. Solid line was species 4 
accumulation curve derived analytically and thin dotted lines around solid line were 95% 5 
confidence intervals. Dashed line with dotted was Chao 2 estimate of the total number of 6 
species. 7 
8 
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Fig. 2-3. Plant phylogenetic distance and the Jaccard similarity of ambrosia and bark beetle 3 
assemblage. In 2011, The relationship was significant in ambrosia beetle assemblage (a, 4 
Pearson r = -0.579, P = 0.001, two-sided Mantel test) and in bark beetle assemblage (b, r = 5 
-0.637, P = 0.04), whereas in two years including 2012 was not significant,in ambrosia beetle 6 
assemblage (c, r = -0.16, P = 0.40) and in bark beetle assemblage (d, r = -0.13, P = 0.73). 7 
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Fig. 2-4. Plant phylogenetic distance and the Chao–Jaccard similarity of ambrosia and bark 3 
beetle assemblage. The relationship was significant in ambrosia beetle assemblage (a, 4 
Pearson r = -0.492, P = 0.03, two-sided Mantel test) and in bark beetle assemblage (b, r = 5 
-0.612, P = 0.04), whereas in two years including 2012 was not significant,in ambrosia beetle 6 
assemblage (c, r = -0.16, P = 0.32) and in bark beetle assemblage (d, r = -0.47, P = 0.17). 7 
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Fig. 2-5. Species accumulation curve of ambrosia and bark beetle assemblages. The Mao Tau 2 
species-accumulation curves are shown from the results of the average herbivore species on 3 
4–17 plant species (4-17 plant orders, equally), and extrapolated to the number of plant 4 
species and order in Japan, using power functions. After extrapolation to 40 plant orders (a, 5 
c) 1500 plant species (b, d) in Japan, the estimated number of ambrosia and bark beetle 6 
species in Japan is 16 and 7 (by plant orders, a) and 49 and 81 (by plant species, b) in 2011. 7 
On the other hand, the estimated number of ambrosia and bark beetle species is 25 and 7 (by 8 
plant orders, c) and 77 and 75 (by plant species, d), respectively from all data. 9 
 10 
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Chapter 3 1 
The effect of host deteriorational-conditions on the host specificity of 2 
ambrosia and bark beetles 3 
 4 
Introduction 5 
 6 
In the previous chapter, the effects of various factors, such as elevational gradient as abiotic 7 
factor and host plant phylogeny and density of wood tissue as biotic factors on the diversity 8 
of bark and ambrosia beetle guilds (Curculionidae: Scolytinae and Platypodinae) were 9 
examined. It is confirmed that the difference in species richness and host range between the 10 
guilds, especially the broadest-host range of ambrosia beetles, could offer the valuable 11 
information for host specificity of herbivore insects that is majorly occupied by the research 12 
of leaf-chewing guilds. However, the result of Chapter 2 for species estimation using host 13 
specificity was highly underestimation. Host specificity is the result of the evolutional 14 
consequence of herbivore insects. Herbivore diversity is also dependent on the adaptation 15 
against the specific defense on their food habitat (Barrett & Heil, 2012; Rasmann & Agrawal, 16 
2011), such as the the xylophagous guilds against woody lignin (Geib et al., 2008; 17 
Morgenstern, Klopman, & Hibbett, 2008; Wainhouse, Cross, & Howell, 1990). Therefore, 18 
their variation in food habits would be the important factor for host specificity and species 19 
richness. 20 
For bark and ambrosia beetles (Curculionidae: Scolytinae and Platypodinae), host 21 
specificity can vary with the physiological change of woody tissue because they utilize it 22 
mainly under deteriorational conditions, such as the stressed, dying and dead phase. Under 23 
deteriorational conditions, biochemical compounds that are an important key of host 24 
specificity for many herbivore (Becerra et al., 1997; Ehrlich & Raven, 1964) are emitted by 25 
woody plant. For example, Kelsey (1994) showed that ethanol emitted from stressed- or 26 
decaying- woody tissues (Pseudotsuga menziesii (Mirb.)) increased along with the dates from 27 
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felling. This was synchronized with the increasing attacks of ambrosia beetles. Woody plant 1 
species volatize various combination of monoterpenes constitutionally and ethanol 2 
additionally under stressed and decaying conditions (Kelsey, 2001; Schlyter, 2004). The 3 
composition of these chemicals shifts as deterioration proceeds, which affect the assemblage 4 
of bark and ambrosia beetles attracted to the woods (Lindelöw, Risberg, & Sjödin, 1992; 5 
Sjödin, Schroeder, Eidmann, Norin, & Wold, 1989).  6 
The important aspects for the bark and ambrosia beetles are that the feeding habits 7 
of this group are not only regulated by the change of host plant tissue like herbivore, but also 8 
simultaneously dependent on their symbiotic fungi. Because of this, it is difficult to judge 9 
what extent host specificity of their guilds are dependent on host plant or fungi. For the 10 
herbivorous insects, it is necessary to go through a process from recognizing plant as host to 11 
exploiting it successfully (Pearse, Harris, Karban, & Sih, 2013; Wood, 1982). In the case of 12 
bark and ambrosia beetles, as well as the other guilds, it is the precondition that insect and 13 
plant are co-occurrence spatio-temporally (Fig. 3-1). Then, (i) parents of gallery founder need 14 
search plant and recognize it as host (insect-attracted stage). In insect-attracted stage, host 15 
and non-host volatile affect the recognition of plant as host (J A Byers, 2004; Schlyter, 2004). 16 
If parents successfully find their host plant, then, (ii) parents must be able to bore pholem and 17 
xylem with tolerance to defensive traits of host (insect-boring stage). If parents successfully 18 
cultivate their host plant, finally, (iii) their progeny must be able to feed fungal and plant’s 19 
resource and successfully grow up to adulthood (fungi-cultivating stage). For ambrosia 20 
beetles, fungi-cultivating stage is important because whether insects successfully breed or not 21 
is strongly dependent on their symbiotic fungi (J Hulcr & Dunn, 2011; Six, 2012). 22 
Furthermore, (ⅳ) insect and their progeny need successfully escape from enemies during all 23 
stages. 24 
Many of ambrosia and bark beetle species are known as insect pest involved in tree 25 
49 
diseases and causing considerable value loss to wood products (Evans, Crane, Hodges, & 1 
Osborne, 2010; Orbay, McLean, Sauder, & Cottell, 1994). Recently, an increase of pest risk 2 
by novel insect-fungal interaction have been receiving attention (Jiri Hulcr & Dunn, 2011). 3 
Relationship between similarity of beetle assemblage among host plant and hosts’ 4 
phylogenetic distance show not only the reliability of host specificity as indicator of species 5 
estimation, but also as a predictor of pest risk by insect-fungal interaction with plant (Gilbert, 6 
Magarey, Suiter, & Webb, 2012). Additively, dividing host specificity by the rearing stage 7 
can tell us pest risk partitioned into insect and fungi. Host specificity by the 8 
deterioration-stage also tells us the exposure risk of wood corresponding the time elapsed 9 
from cutting day, which would also suggesting the place of bark and ambrosia beetles as 10 
herbivore or more holistic position. 11 
This chapter examines host specificity and species diversity of bark and ambrosia 12 
beetles with focusing on the host deteriorational-conditions and the stages of host utilization 13 
by insects in a cool-temperate mixed forest. The present study tested whether the relationship 14 
between host specificity of beetle assemblage and hosts’ phylogenetic distance differs among 15 
their stage of host utilization. Furthermore, whether this relationship varies among the degree 16 
of deterioration. The samples were taken from taxonomically broad range of hosts with 17 
considering phylogeny of host plants and from 3 levels of deterioration stages. 18 
 19 
 20 
Materials and methods 21 
Study area and plant species 22 
 23 
The study was conducted in a mosaic of primary cool-temperate mixed forest of Tochimoto 24 
Tract, the University of Tokyo Chichibu Forest in central Japan (35° 54ʹ′ N, 138° 49ʹ′E) 25 
50 
during 2011-2012. Primary forest is dominated by Fagus japonica, Fagus crenata or Tsuga 1 
sieboldii in lower altitudes and Tsuga diversifolia in higher altitudes (The University of 2 
Tokyo Chichibu Forest, 2011). Average annual temperature during 1996-2010 is 11.0°C and 3 
average annual rainfall is 1514.2 mm at Tochimoto (The University of Tokyo Chichibu 4 
Forest 2011). 5 
 For the field experiment, 18 tree species from 17 orders were selected so that they 6 
were locally abundant, and represented all major lineages (at mainly order level) of 7 
dicotyledonous plant species with an exception of one conifer (Tsuga diversifolia, Pinaceae) 8 
(Fig.3-2 and Table 3-1). Relative to the previous study, I added Quercus crispula Blume as 9 
focal plant species with considering their dominance. In this study, I followed the taxonomic 10 
nomenclature by Y-list (Yonekura and Kajita 2003).  11 
 12 
Insect sampling 13 
 14 
For controlling the degree of deterioration (oldness), healthy tree individuals of 18 species 15 
were cut 3 times before the time of exposure; December in 2011 (oldest), April in 2012 16 
(middle) and June in 2012 just before exposure (newest) in the Chichibu Forest (Fig. 3-3). All 17 
tree individuals were prepared as 100-cm-long bolts when cutting. In total, 27 bolts (3 18 
oldness × 3 elevations × 3 replicates) were prepared for each tree species and the diameter of 19 
bolts ranged from 4.0 to 14.3 cm (7.6 ± 2.0, mean ± SD). These bolts which were packed 20 
with fine meshed net bags to protect from insect attacks before exposure were left on the 21 
forest floor in each of three elevations (1100m, 1450m, and 1800m asl.) and exposed for 104 22 
days, while covered by coarse mesh net (16 mm × 16 mm of mesh size) to prevent deer 23 
grazing. Following exposure, these bolts were packed again and were detained for further 100 24 
days in order to verify whether insects in host plant of exposed bolts could rear or not. These 25 
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period are expected to be mostly only one generation for insects because the insect voltinism 1 
in the study site is expected to be one because the majority of seasonal abundance of bark and 2 
ambrosia beetle species caught by bait trap showed uni-modal peak from spring to Autumn 3 
(Saito, Goto, Hirao, & Kamata, 2013). 4 
After insect rearing, bark and ambrosia beetle species were sampled by dissecting 5 
and their stages of host utilization in each hole were determined by following criterion. At the 6 
beginning, all entry holes on the surface of the inner bark or that of phloem after debarking 7 
were marked and the beetle individuals within the holes were collected. The number of entry 8 
holes, which is equal to the number of galleries, was counted by matching the holes on inner 9 
bark and phloem. In this study, this number of entry holes was taken as a sampling unit, in 10 
the same way as the previous study. Insects under the bark were checked, and then those in 11 
the sapwood were checked by breaking the bolts with being careful about the stage of insect 12 
rearing as shown below (Fig. 3-1): (i) what kind of species is in the hole of each plant 13 
(insect-attracted stage), (ii) whether parents of gallery founder is dead or alive (insect-boring 14 
stage), (iii) the existence of eclosed individuals which contain larvae, pupa or juvenile 15 
(fungi-cultivating stage), and (ⅳ) regardless of the stage, whether the gallery is occupied by 16 
carnivore or not. Thereafter, adults were pinned for further identification. The beetles were 17 
sorted into morphospecies and were subsequently identified to species by H. Goto (Forestry 18 
and Forest Products Research Institute, Kyushu, Japan)(under setting). Bark or ambrosia 19 
beetle species were distinguished by references from the list of scolytine species (Kabe 1959; 20 
Nobuchi 1971; Hulcr and Smith 2010). Voucher specimens of both insects and their galleries 21 
were deposited in the main campus of Chiba University. 22 
In this study, some galleries were also sampled for further evidence of insect 23 
species and their successful breeding. Although almost occupied galleries by carnivore 24 
missed adult insect as conclusive evidence for species identification, the gallery form is also 25 
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useful for identification in the second. So the founder of the gallery that was under carnivore 1 
occupation, was identified by both references from the illustrated reference book of scolytine 2 
species gallery (Kabe 1959) and from gallery sample collected in this study. Vacant gallery is 3 
also informative for insect attraction but was not used analysis. Data of each stage is nested 4 
and composed of the following (Fig. 3-1). (i) data of “insect-attracted stage” consist of only 5 
occupied by focal insect in the gallery. Then, this data is used for (ii) data of “insect-boring 6 
stage” by dividing whether the parents on the gallery is dead or alive. Furthermore, data of 7 
alive is used for (iii) data of “fungi-cultivating stage” by dividing whether successfully 8 
breeding or failed to breeding. In this stage, I judged the success of the insect-rearing by the 9 
existence of their progeny, because several researches reported that the observations of other 10 
ambrosia beetles laid eggs only after the symbiont is growing in galleries (Biedermann, 11 
Klepzig, & Taborsky, 2009; Castrillo, Griggs, Ranger, Reding, & Vandenberg, 2011; 12 
Kajimura & Hijii, 1992; Weber & Mcpherson, 1983). Lastly, regardless of stages, (ⅳ) data of 13 
“carnivore” is composed of occupied by carnivore.  14 
 15 
Data analysis 16 
 17 
For assessing whether samples include large part of rare species, the observed species 18 
richness was compared with the potential species richness estimated by the simulation 19 
implemented in the EstimateS 9 software (Colwell et al. 2012; Fig. 3-4), according to Hulcr 20 
et al. (2007) as described in the previous chapter (Watanabe et al., 2014). For bark beetles, 21 
the following analysis was not tested except species estimation because the number of species 22 
was only three species which was too small try multi-dimensional analysis. 23 
To estimate phylogenetic distances between plant species, phylogenetic 24 
relationships among targeted plant species (except Tsuga diversifolia) were reconstructed 25 
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based on a dated angiosperm supertree using Phylocom (Webb et al. 2008) that contains the 1 
standalone version of Phylomatic (Davies et al. 2004). This tool joins the targeted species at 2 
the appropriate place to a larger phylogenetic tree, maintaining the branch lengths in the base 3 
tree, and prunes all intervening taxa. The result is an ultrametric tree with branch lengths 4 
reflecting estimated time between branching events. After making phylogenetic tree 5 
composed of angiosperm species, Tsuga diversifolia was included in this tree as an outgroup 6 
at 190 MYA (Million Years Ago), according to the time of the gene duplication event that 7 
occurred near the split of extant gymnosperms and angiosperms (Jiao et al. 2011) and 8 
according to an analysis of morphological data containing fossils and molecular data (Bell et 9 
al. 2005). Pairwise phylogenetic distances between all plant species were calculated by the 10 
‘cophenetic’ function of R Statistical Software (R Development Core Team 2010) from 11 
newick file of phylogenetic tree data loaded by ‘read.tree’ function of the ‘ape’ package 12 
(Paradis et al. 2004).  13 
Pairwise similarities among ambrosia beetle assemblages of each tree species were 14 
measured by the Jaccard index by quantifying the average proportion of shared species 15 
between assemblages. Chao–Jaccard index that provides robust results even for incomplete 16 
samples with numerous rare and unsampled species (Chao et al. 2005) were also calculated. 17 
Chao–Jaccard index was calculated on raw abundance data and estimated in R Statistical 18 
Software with the ‘vegdist’ function in the vegan package (Oksanen and Kindt 2007). 19 
Because these indexes calculate the dissimilarity among assemblages, I convert these to 20 
similarity by subtracting them from 1. Significance of the correlation between the similarity 21 
of beetle communities and the phylogenetic distance of their host plant species was tested by 22 
two-sided Mantel test (99,999 runs) by ‘mantel’ function in the ‘ecodist’ package. To reduce 23 
the bias in calculating the similarity, the data on beetle assemblages were standardized by 24 
excluding singletons as recommended in Novotny et al. (2010). This procedure of excluding 25 
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singletons was also applied to the calculations of number of host species and species richness 1 
per host. 2 
To assess the decrease of host range with the host-deteriorational conditions and 3 
the stages of host utilization, the number of host plant species in a condition and a stage was 4 
measured by assemblage scale (pooled by a stage in a condition) or species scale (the average 5 
of host range by species in a stage and a condition). For species scale, to examine effects of 6 
the stages of host utilization, the difference of host range between insect-attracted stage 7 
(occupied) and insect-boring stages (live) were used as the difference of host range in 8 
“insect-dependent stage” whereas between insect-boring stages (live) and fungi-cultivating 9 
stage (succeeded) were measured as the difference of host range in “fungi-dependent stage”. 10 
Then, Paired difference t-test was verified to test the significances of the decrease of host 11 
range between insect-dependent stage and fungi-dependent stage. On the other hand, for the 12 
test of the host-deteriorational conditions, the differences of host range between newest and 13 
middle conditions, middle and oldest conditions and oldest and newest conditions were 14 
measured. 15 
Finally, the total theoretical species richness of ambrosia beetles in Japan was 16 
estimated by the species-accumulation curves of Mao Tau function from the slope of 4–18 17 
plant species. The detailed is described in the previous chapter (chapter 2, Data analysis). In 18 
this analysis, complete data obtained in both 2011 and 2012 including singletons were used 19 
for construction of the species accumulation curves.  20 
 21 
 22 
Results 23 
 24 
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From 7036 holes in the 486 bolts (18 species × 3 oldness × 3 elevations × 3 replicates), 27 1 
ambrosia beetle and 3 bark beetle species were sampled (Table 2-3). For ambrosia beetle, the 2 
number of species obtained the condition of newest, middle and oldest was 19 (4), 17 (1) and 3 
22 (5), respectively (The brackets were the number of species that presented only specific 4 
conditions). Xylosandrus germanus (Blandford) showed the most broadest host range (17 5 
plant species) and the most numerous number of galleries (1581 holes) presenting almost 6 
54% of the number of total galleries on ambrosia beetles. Xyleborinus saxeseni (Ratzeburg) 7 
showed the second broadest host (15 plant species). For bark beetle, these were 2, 3 and 2, 8 
respectively. After this, bark beetle species was excluded from analysis except species 9 
estimation because of scarcity.  10 
The species accumulation curve for the entire data set has not reached an asymptote, 11 
but is approaching the Chao 2 estimate of the total number of species (Fig. 3-4), suggesting 12 
that the majority of the local species were represented in the analysis.  13 
Under the oldest condition of insect-attracted stage, Jaccard and Chao-Jaccard 14 
index similarity of ambrosia beetle assemblage among host plant species as relative index of 15 
host specificity was significant relationship with hosts’ phylogenetic distance (Table 3-4; 16 
Fig.3-5; 3-6). Host specificity of the middle condition also showed significant relationship 17 
from insect-attracted to insect-boring stages continuously, especially with phylogenetic 18 
distance of angiosperm species. On the other hand, host specificity of newest condition 19 
showed low relationship with host phylogeny: the relationship at failed to breeding in 20 
fungi-cultivating stage was significant.  21 
 The decrease of host range along with the stages of host utilization was clear for 22 
assemblage scale (Table 3-5): 2 host plant species were decreased between insect-boring 23 
stage (live) to fungi-cultivating stage on average, regardless to only 13% decrease on 24 
abundance basis (Fig. 3-1). For species scale, all of the decreases of host range among stages 25 
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were significant. Among them, the decrease of host range in fungi-dependence stages was 1 
also larger than insect-dependence stages for all of the deterioration oldness. On the other 2 
hand, along with the host-deterioration conditions, the differences of host range were larger 3 
between oldest- and newest-conditions (0.65) or oldest- and middle-conditions (0.65) than 4 
newest- and middle-conditions (0.02). 5 
 The estimated number of species from the extrapolation based on the number of 6 
plant order (40 orders) and plant species (1500 tree species) were 36 and 136 for ambrosia 7 
beetles, and 7 and 65 for bark beetles in 2011, respectively (Fig. 3-7).  8 
 9 
 10 
Discussion 11 
 12 
The number of species of ambrosia beetles in this study was 27 species and was more than 13 
twice as large as that in 2011(12 species). Although this study added Quercus crispula Blume 14 
as focal plant species relative to the study in 2011, the effect of Q. crispula on the increase of 15 
species richness was limited. Ambrosia beetle species that presented only Q. crispula was 16 
only one species, Xyleborus sp.2. Condition specific species that presented only newest- and 17 
oldest- condition were 4 and 5 species, respectively (Table 3-2), which showed the strong 18 
effect of host deteriorational-conditions on host specificity. 19 
As a result, estimated total species richness in ambrosia beetles extrapolated from 20 
the result of host specificity to the number of plant order and species were increased from 21 
that of the previous chapter (i.e., 77 to 136 species extrapolated from plant species, Fig. 2-5d). 22 
However, compared with the described species in Japan, 119 species in ambrosia beetles, 23 
these results were rather confusing. For the ambrosia beetle species extrapolated from plant 24 
species, it was the overestimation, which suggests the sufficient number for the extrapolation 25 
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of ambrosia beetle species may correspond with the higher taxonomic level than plant species 1 
level and their evolutionary rate may correspond with the time scale. On the other hand, the 2 
underestimation of bark beetle species extrapolated from plant species was confirmed, 3 
regardless to the increase of focal plant species (Q. crispula), and the decrease of species 4 
richness made the slope of species accumulation curve weakened. Deterioration conditions 5 
also affect the slope of bark beetles to be weak by increasing host range of only polyphagous 6 
species, Coccotrypes nubilus (Blandford). Relative to ambrosia beetles, bark beetles are 7 
dependent on plant tissue itself and they are the more host specific guild (JIRI Hulcr, 8 
MOGIA, Isua, & Novotny, 2007). Therefore, this result suggests that bark beetles are more 9 
like folivores with higher host specificity, whereas ambrosia beetles are more like detrivore. 10 
Recently, the validity of classification of guilds between bark and ambrosia beetles has been 11 
suspected because they are both dependent on their symbiotic fungi for food resources to 12 
some extent (Jiri Hulcr & Dunn, 2011; Six, 2012). However, the present result showed the 13 
suitability of this classification because of the much difference in host specificity between 14 
these guilds. Thus, this classification offers us an important implication that the difference of 15 
their hood habitats, i.e., pholem and xylem causes the difference of host specificity regardless 16 
to the dependence on the fungi. 17 
 As discussed in chapter 2, because ambrosia beetles used pheromone for 18 
searching their suitable host and mating, data on abundance basis tend to contain 19 
pseudo-replicated sample (JIRI Hulcr et al., 2007). For this reason, the following discussion 20 
about the effect of host phylogeny on host specificity mainly referred to Jaccard’s similarity 21 
of incidence (presence/absence) basis index. When the relationship between phylogenetic 22 
distance and similarity between assemblages, i.e. phylogenetic dependence of host specificity, 23 
was compared within each deteriorational condition, the significant phylogenetic dependence 24 
of host specificity was confirmed at the insect-dependence stages (insect-attracted to 25 
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unsect-boring stages) under the oldest condition of all host plant species and the middle 1 
condition of angiosperms (Table 4; Fig. 3-5; 3-6), whereas low effect on host specificity 2 
under the newest condition. Under the newest condition, three Xyleborini species; 3 
Xyleborinus saxeseni, Xylosandrus germanus and Xylosandrus crassiusculus, which were 4 
exotic beetle species from the other area of Asia and known to have extraordinary broad host 5 
range (Jiri Hulcr & Dunn, 2011), were representing 35% of the total abundance of galleries. 6 
Therefore, none or less effect of the host species on host specificity under the newest 7 
condition might be caused by the dominance of these three species. On the other hand, at 8 
fungi-dependent stages, the effects of host phylogeny on host specificity were scarcely 9 
confirmed. Because the present data consist of nested time series, the values of the 10 
fungi-dependent stage should be affected by the process of the upstream stages. The 11 
transitions of correlations between host phylogenetic distance and similarity of ambrosia 12 
beetle assemblage can be effective to solve this continuum effect. Under the oldest condition, 13 
the correlations were decreasing along with the stage of host utilization, which suggests host 14 
phylogeny affected firstly on host specificity of insect-attracted stage, but weakly on the 15 
following stages. On the other hand, under the middle condition, the correlations increased 16 
along with the insect-dependent stages, which suggests the effect of host phylogeny persisted 17 
and enhance the plant-insect interaction to the next insect-dependent stage. However, the 18 
effects decreased in the fungi-cultivating stage, which may show the reconstruction of 19 
plant-insect interaction according to the fungal dependence on plant species. Finally, the 20 
assemblage under the newest condition showed reverse pattern against under the oldest 21 
condition; none or less host specificity was shown in the insect-dependent stage but it was 22 
evident at latter class of failed to the rearing in fungi-cultivating stage. These suggested the 23 
narrow window for the mutualism of ambrosia beetles and symbiotic fungi even if the fungi 24 
were inoculated for the tree species. Brändle & Brandl (2006) reported that 86% of the fungi 25 
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species were restricted to a single tree “genus”, which supports our results. Therefore, even if 1 
the majority of ambrosia beetles could adapt the broad-host plant species with tolerance 2 
toward the host defensive traits, their symbiotic fungi may not be tolerance with the traits 3 
especially because fresh tree retains the defensive traits relative to the old tree. The 4 
significant effect of host phylogeny on host specificity of failed to the rearing in 5 
fungi-cultivating stage under the newest condition may show the limit of their symbiotic 6 
fungi to cultivating plant species and the possibility of ambrosia beetles to exploit new plant 7 
species as successfully breeding host.  8 
When the effect of deteriorational condition (early to old) on the phylogenetic 9 
dependence of host specificity at each stage was examined, significant dependences were 10 
confirmed at insect-attracted to -boring stages for middle and old conditions. On the other 11 
hand, none or less phylogenetic dependences of host specificity were confirmed under newest 12 
condition at insect-dependent stages. Fresh woods are known to emit the ethanol because of 13 
the physiologically anaerobic or stressed state (Ikeda, Oda, Yamane, & Enda, 1980; 14 
KELSEY, 2001; Kimmerer & Kozlowski, 1982; Lindelöw et al., 1992; C. M. Ranger, Reding, 15 
Persad, & Herms, 2010; C. M. Ranger, Reding, Schultz, & Oliver, 2013; C. Ranger & Reding, 16 
2012), which strongly attract the Xyleborini species (Markalas & Kalapanida, 1997; Moeck, 17 
1971; M. E. Reding, Schultz, Ranger, & Jason, 2011; M. Reding, Oliver, Schultz, & Ranger, 18 
2010). In fact, the number of Xyleborini species in insect-attracted stage was highest for the 19 
newest condition. Furthermore, the effect of ethanol to attract ambrosia beetles is not species 20 
specific but attract many species of them. Thus, the emission of ethanol may affect the host 21 
specificity of ambrosia beetle assemblage (Montgomery & Wargo, 1983). 22 
In additive to ethanol, the synergistic effects by combing the ethanol and the other 23 
attractant volatile, biochemical, are known to affect the host selection by ambrosia beetles 24 
(John A Byers, 1985; Schlyter, 2004). For example, (-)α-pinene attract Hylobius abieis but 25 
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repel Xylosandrus germanus (Miller & Rabaglia, 2009). Lindelöw et al. (1992) reported the 1 
increase of species-specific volatile after the harvesting of spruce wood, which caused the 2 
host specificity of ambrosia beetle species to the stored old wood stems. The result of present 3 
study is following this phenomenon that the attraction of tree species-specific species to the 4 
older wood bolts (Fig. 3-8).  5 
It is believed that ambrosia beetles are generalist in host use because of the 6 
utilization of "dead" plant materials which need not to be defended from herbivory (Hanski, 7 
1989). However, the present results showed the increase in host specificity after the harvest 8 
of woods with the number of species being increase (Table 3-2 and Table 3-4). This is also 9 
supported by previous studies of Saproxylic beetles (Kaila, Martikainen, Punttila, & 10 
Yakovlev, 1994; Köhler, 2000). Grove (2002) reported that even on Saproxylic insects, 11 
higher host specificity is common at higher plant taxonomic levels although rare at the tree 12 
species level. Because the defensive trait of woody tissue, such as resin and allelochemicals, 13 
still retains for a long time relative to the other plant tissue (Haack & Slansky Jr, 1987; Jiri 14 
Hulcr & Dunn, 2011), insect species that utilizes dead trees would also develop the 15 
preference and the tolerance against the host specific trait. 16 
Furthermore, the interaction between plant and ambrosia and bark beetles should be 17 
examined with the effects of symbiotic fungi (Brändle & Brandl, 2006; Roe, Rice, Coltman, 18 
Cooke, & Sperling, 2011). At the fungi-cultivating stage, low levels of phylogenetic 19 
dependences of host specificity were shown with narrower host breadth compared with the 20 
previous insect-boring stage (Table 3-4 and Table 3-6). These might suggest the narrower 21 
host breadth of symbiotic fungi. Altogether, the specificities in host selection by ambrosia 22 
and bark beetles were higher under the oldest condition by host similarity base, whereas the 23 
specificities in host selection by fungi were higher under the newest condition by host range 24 
base (Table 3-5; 3-6). These imply the potential of utilization of novel hosts by ambrosia and 25 
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bark beetles after the infection of symbiotic fungi immediately after the harvesting or natural 1 
death. Such property of fungi, i.e. broader host range, was known to show the risk as pest for 2 
plants. For example, above three Xyleborini species possess a higher risk of outbreak with 3 
their broader host range, which was also shown in the present results (mean host range = 15 4 
species). Here again the effects of ethanol emitted from harvested woods should be 5 
cautiously examined because of the strong function of general attractants for ambrosia and 6 
bark beetles. Even ambrosia and bark beetles showing host specificity on several plant 7 
species utilize the ethanol as the initial cue to detect their suitable host (KELSEY, 2001; 8 
Manter & Kelsey, 2008; M. E. Reding, Oliver, Schultz, Ranger, & Youssef, 2013). The 9 
understandings of the process of establishing novel host plant species by ambrosia and bark 10 
beetles are crucial for the risk management of wood disease which cause much economical 11 
problems in many countries (Evans et al., 2010; J Hulcr & Dunn, 2011; Orbay et al., 1994).  12 
The examination of the host selection following the stages of host utilization by 13 
ambrosia beetle species was informative when analyzing the effects of temporal changes in 14 
host plant quality. These examinations are possible only for ambrosia beetles guilds, because 15 
the fate of individuals can be tracked for ambrosia beetles by the sings of feeding gallery. In 16 
addition, the examination of ambrosia beetle assemblages will gives the opportunity to 17 
analyze the interaction between insect and fungi.  18 
 19 
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Table and Figure 
Table 3-1 The focal plant species in this study. Order was compliant based on APG III classification system. Wood densities (g 
cm–3) are averages from 27 bolts per species. Species with round stamp were overlapped with those examined by Hulcr et al. 
(2007) at order level. 
SP FAMILY ORDER(APG) wood density(g cm–3) 
Tsuga diversifolia (Maxim.) Mast. Pinaceae Coniferae 0.89 
Salix bakko Kimura Salicaceae Malpighiales 0.62 
Fagus japonica Maxim. Fagaceae Fagales 0.64 
Quercus crispula Blume Fagaceae Fagales 0.90 
Magnolia obovata Thunb. Magnoliaceae Magnoliales 0.63 
Trochodendron aralioides Siebold et Zucc. Trochodendraceae Trochodendrales 0.83 
Euptelea polyandra Siebold et Zucc. Eupteleaceae Ranunculales 0.66 
Cercidiphyllum japonicum Siebold et Zucc. ex Hoffm. et Schult. Cercidiphyllaceae Saxifragales 0.72 
Pieris japonica (Thunb.) D.Don ex G.Don subsp. Japonica Ericaceae Ericales 0.64 
Prunus nipponica Matsum. Rosaceae Rosales 0.85 
Acer micranthum Siebold et Zucc. Sapindaceae Sapindales 0.65 
Meliosma myriantha Siebold et Zucc. Sabiaceae Basaleudicot 0.70 
Ilex macropoda Miq. Aquifoliaceae Aquifoliales 0.72 
Swida controversa (Hemsl. ex Prain) Soják Cornaceae Cornales 0.72 
Acanthopanax sciadophylloides Franch. et Sav. Araliaceae Apiales 0.57 
Fraxinus lanuginosa Koidz. f. lanuginosa Oleaceae Lamiales 0.75 
Wisteria floribunda (Willd.) DC. Leguminosae Fabales 0.61 
Tilia japonica (Miq.) Simonk. Malvaceae Malvales 0.64 
    
Average     0.83 
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Table 3-2 List of species of ambrosia and bark beetles examined in the present study. The host range and oldnedd at which they were obtained 
were also shown. Species which were singletons were excluded from the analysis of host specificity for preventing sampling bias. 
Guild Subfamily Tribe Species Host range 
Total abundance 
of occupied 
galleries 
Abundance at each oldness 
Newest Middle Oldest 
ambrosia_beetles Scolytinae Xyloterini Indocryphalus spp. 1 3 0 2 1 
(fungal chewers) Xyloterini Trypodendron Trypodendron proximum (Niisima) 1 4 4 0 0 
 Scolytinae Xyleborini Ambrosiodmus lewisi (Blandford) 9 13 9 1 3 
 Scolytinae Xyleborini Ambrosiodmus rubricollis (Eichhoff) 4 6 3 1 2 
 Scolytinae Xyleborini Xyleborus seiryorensis Murayama * 1 1 0 0 1 
 Scolytinae Xyleborini Xylosandrus brevis (Eichhoff) 1 6 0 0 6 
 Scolytinae Xyleborini Xyleborus minutus Blandford 5 30 16 8 6 
 Scolytinae Xyleborini Xyleborus seriatus Blandford 7 239 233 3 3 
 Scolytinae Xyleborini Xylosandrus crassiusculus (Motschulsky) 13 204 101 13 90 
 Scolytinae Xyleborini Xylosandrus germanus (Blandford) 17 1580 771 238 571 
 Scolytinae Xyleborini Xyleborinus saxeseni (Ratzeburg) 15 350 168 96 86 
 Scolytinae Xyleborini Xyleborinus attenuatus (Blandford) 10 25 7 9 9 
 Scolytinae Xyleborini Euwallacea validus(Eichhoff) 2 2 0 1 1 
 Scolytinae Xyleborini Xyleborus sp. 1* 1 1 1 0 0 
 Scolytinae Xyleborini Xyleborus sp. 2 1 3 2 0 1 
 Scolytinae Xyleborini Xyleborus sp. 3* 1 1 0 1 0 
 Scolytinae Xyleborini Xyleborus sp. 4* 1 1 1 0 0 
 Scolytinae Xyleborini Xyleborus sp. 5 5 8 6 1 1 
 Scolytinae Xyleborini Xyleborus sp. 6* 1 1 1 0 0 
 Scolytinae Xyleborini Xyleborus sp. 7* 1 1 0 0 1 
74 
 Scolytinae Scolytoplatypodini Scolytoplatypus shogun Blandford 5 21 1 3 17 
 Scolytinae Scolytoplatypodini Scolytoplatypus tycon Blandford 4 109 34 1 74 
 Scolytinae Scolytoplatypodini Scolytoplatypus daimio Blandford 2 16 7 1 8 
 Scolytinae Scolytoplatypodini Scolytoplatypus mikado Blandford 1 20 0 0 20 
 Platypodidae Platypodini Platypus modestus Blandford 12 120 67 45 8 
 Platypodidae Platypodini Platypus severini Blandford 16 169 26 81 62 
 Platypodidae Platypodini Diapus aculeatus Blandford* 1 1 0 0 1 
bark beetles Scolytinae Dryocoetini Coccotrypes nubilus (Blandford) 10 215 79 66 70 
(pholem chewers) Scolytinae Dryocoetini Cyrtogenius brevior (Eggers) 1 93 38 36 19 
 Scolytidae Hylesinini Dryocoetes hectographus Reitter 1 24 0 24 0 
Species richness           21 20 24 
 
* species excluded from the analysis because of singleton 
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Table 3-3 Mean number of host plant species, mean species richness per host and species richness on Ambrosia and bark beetles. the brackets 
showed standard error. 
  Mean number of host plant species Mean species richness per host Species richness 
Ambrosia beetle 6.55 (1.20) 4.5 (0.56) 27 
Bark beetle 4 (3) 0.67 (0.15) 3 
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Table 3-4.1 Jaccard index correlation matrix between stages of host utilization and the degree of host deterioration. Significant level is >.06 
†marginally, >.05 * , >.01** and  >.001**, respectively. 
Jaccard  All host plant species    Angiosperms 
     newest middle oldest    newest middle oldest 
(i) insect-attracted Occupied -0.145 -0.255 -0.311*  -0.223 -0.45** -0.314* 
         
(ii) insect-boring Live -0.024 -0.291 -0.153  -0.093 -0.482** -0.181 
 Death -0.13 -0.707*** -0.135  -0.353† -0.499** -0.135 
         
(iii) fungi-cultivating Success 0.072 -0.069 -0.046  -0.248 0.125 -0.046 
 Failed -0.481** -0.265 0.058     -0.285* -0.265 -0.08 
 
Table 3-4.2 Chao-Jaccard index correlation matrix between stages of host utilization and the degree of host deterioration. Significant level is 
>.06 †marginally, >.05 * , >.01** and  >.001**, respectively. 
Chao-Jaccard  All host plant species     Angiosperms 
     newest middle oldest     newest middle oldest 
(i) insect-attracted Occupied -0.145 -0.255 -0.311*  -0.223 -0.45** -0.314* 
         
(ii) insect-boring Live -0.024 -0.291 -0.153  -0.093 -0.482** -0.181 
 Death -0.13 -0.707*** -0.135  -0.353† -0.499** -0.135 
         
(iii) fungi-cultivating Success 0.072 -0.069 -0.046  -0.248 0.125 -0.046 
 Failed -0.481** -0.265 0.058     -0.285* -0.265 -0.08 
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Table 3-5 The decrease of host plant species along with the stages of host utilization. 
    All host plant species    Angiosperms 
 stage state newest middle oldest   newest middle oldest 
(i) insect-attracted occupied 17 17 17  16 16 16 
         
(ii) insect-boring live 17 17 16  16 16 15 
 death 16 17 16  15 16 16 
         
(iii) fungi-cultivating success 13 15 13  12 14 13 
  failed 14 14 15   13 14 14 
 
 
Table 3-6 The difference in host range along with the stages of host utilization. The decreases of 
insect-dependence stage are between (i) insect-attracted stage (occupied) and (ii) insect-boring stage 
(live) whereas fungi-dependence stage are between (ii) insect-boring stage (live) and (iii) 
fungi-cultivating stage (succeeded). The results of paired difference t-test along with the decrease of 
host range between insect-dependence stage and fungi-dependence stage were shown on the header 
of plant categories. Significant level is > .05 * and > .06 †. 
  All host plant species†   Angiosperms*  
transition of stages newest middle oldest   newest middle oldest 
insect-dependence stage 1.26 1.12 0.77  1.16 1.06 0.77 
fungi-dependence stage 1.47 1.41 1.27   1.42 1.41 1.23 
 
Table 3-7 One tailed paired difference t-test along with the host deteriorational-conditions. 
Significant level is >.05 *. 
  All host plant species  Angiosperms 
newest-middle -0.02 0.00 
middle-oldest 0.68* 0.51* 
oldest-newest 0.65* 0.51* 
78 
Co-occurence
(iii) fungi-cultivating
(ii) insect-boring
(i) Insect-attracted
ʳFDUQLYRUHSUHVVXUH
SODQWRUGHUZLWKROGQHVV#&KLFKLEXLQ-DSDQRWKHUSODQW
RFFXSLHG
Succeeded Failed
 live                                dead
 vacant
not focal beetles
Insect-rearing stage
15 53
YES NO
6866 + 150 holes
YES NO
YES NO
YES NO
3414 +1503452 
2987                   　　      450
2500                    487
 1 
Fig. 3-1. The stage of host utilization and class of bark and ambrosia beetle. The number on 2 
each class shows the number of holes in this study.  3 
 4 
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pieris japonica
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cornus controversa
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 1 
Fig. 3-2. Phylogeny of focal plant species derived mainly from the dated angiosperm 2 
supertree (Davies et al., 2004) except Tsuga diversifolia of gymnosperm that was inserted 3 
into the outside of this tree, according to Jiao et al. (2011) and Bell et al. (2005).4 
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Fig. 3-3. The experimental procedure of host deteriorational-conditions. The number of bolt 2 
were same as 162 (3 replicates × 3 elevations  × 18 host plant species) among the 3 
deteriorational-conditions. 4 
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Fig. 3-4. Species accumulation and an estimate of total species richness. Complete data for 2 
all ambrosia and bark beetle species and all 18 plant species were included. Solid line was 3 
species accumulation curve derived analytically and thin dotted lines around solid line were 4 
95% confidence intervals. Dashed line with dotted was Chao 2 estimate of the total number 5 
of species. 6 
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 1 
Fig. 3-5. Jaccard index correlation matrix 
between insect-rearing-stagerearing-stage 
and the degree of host deterioration on all 
species (a), and only angiosperms (b). 
Solid lines show significant relation and 
broken lines show marginally significant 
relation (p < 0.06). Circle size is 
proportional to the number of pairwise 
comparisons at each point on the graph, 
with bin sizes of 1, 2, 3 and > 4 for the 
smallest to largest circles. 
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Fig. 3-6. Chao-Jaccard index correlation matrix 
between insect-rearing-stagerearing-stage and 
the degree of host deterioration on all species 
(a), and only angiosperms (b). Solid lines show 
significant relation and Broken lines show 
marginally significant relation  (p < 0.06). 
Circle size is proportional to the number of 
pairwise comparisons at each point on the 
graph, with bin sizes of 1, 2, 3 and > 4 for the 
smallest to largest circles. 
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Fig. 3-7. Species accumulation curve of ambrosia and bark beetle assemblages. The Mao Tau 
species-accumulation curves are shown from the results of the average herbivore species on 
4–18 plant species (4-17 plant orders), and extrapolated to the number of plant species and 
order in Japan, using power functions. After extrapolation to 1500 plant species (a) and 40 
plant orders (b) in Japan, the estimated number of ambrosia and bark beetle species in Japan 
is 36 and 7 by plant orders and 136 and 65 (by plant species) 
85 
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Fig. 3-8. Image of the transition of volume of host dependent and independent volatiles with 
elapsed time from wood felled.
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Chapter 4 1 
The impact of host specificity of microbial symbionts on host plant 2 
utilization by ambrosia beetles.  3 
 4 
 5 
Introduction 6 
 7 
Herbivore insects, defined here as the consumers of plant tissues for their food in a broad 8 
sense, comprise large part of terrestrial diversity (Futuyma & Agrawal, 2009; May & 9 
Beverton, 1990; Price, 2002; Stork & W, 1988). The host specificity of herbivore insects has 10 
been known as the influential indicator of herbivore diversity. Among the herbivore guilds, 11 
host specificity of bark and ambrosia beetles which utilize woody tissue was relatively low 12 
and therefore the weaker dependence of their diversities on host plant species was expected 13 
(Hanski, 1989). However, recent researches showed the effect of host phylogeny on host 14 
specificity regardless of the verification of the broadest-host range (low host specificity) in 15 
ambrosia beetles (Novotny et al., 2010; Watanabe, Murakami, Hirao, & Kamata, 2014). 16 
The nutrient content of the woody tissue is very low despite the their major fraction 17 
of biomass in terrestrial ecosystems. This forced the xylophagous insects to overcome various 18 
nutrient restrictions, such as the low revel of C:N ratio, the low content of vitamin and 19 
essential amino acids. The inaccessibility of nutrition from the plant material also prevent 20 
their survival (Hansen & Moran, 2013). In fact, C:N ratio of plant is very low compared with 21 
the nutritional needs of animals with exhibiting substantial variation among different plant 22 
tissues, growth stages and species (Mattson, 1980). 23 
 On the basis of these backgrounds, ecologists have come to pay attention to the 24 
symbionts that help the herbivore insects to utilize host woody tissue (Klepzig, Adams, 25 
Handelsman, & Raffa, 2009; Six, 2013). In this decade, it has been identified that microbial 26 
symbionts help insect to expand the accessibility to the nutrition of the plant materials by 27 
87 
decomposing cell-wall (Moller, Henrik, Harholt, Willats, & Boomsma, 2011; Schiøtt, 28 
Rogowska-Wrzesinska, Roepstorff, & Boomsma, 2010) and enhance the content of vitamin 29 
(Sabree, Kambhampati, & Moran, 2009) or ergosterols (Bentz & Six, 2006) by the symbionts 30 
themselves. Furthermore, the pathway of reverse direction from the herbivore to symbiotic 31 
microbes has been shown in recent researches. For example, the mycangia, an external 32 
exoskeletal cavity facilitating the transport of the symbiotic fungi, which has been observed 33 
exclusively for ambrosia beetles (Grebennikov & Leschen, 2010), has revealed to possessed 34 
by the other insects (Toki, Takahashi, & Togashi, 2013; Toki, Tanahashi, Togashi, & Fukatsu, 35 
2012). 36 
 Among the species which has been studied for insect-symbiont interactions, bark 37 
and ambrosia beetles are the most ecologically and economically important insects in forests 38 
worldwide and thus required the knowledge of their interactions with symbionts (Six, 2013). 39 
Although rather loose interaction between bark beetle and microbes, the host availability of 40 
ambrosia beetle is largely dependent on their symbiotic fungi (Jiri Hulcr, Mann, & Stelinski, 41 
2011; Six, 2013). Because xylem are the lowest in nitrogen even among the other plant 42 
tissues (Mattson, 1980), many xylophagous insects utilized fungi in both positive and passive 43 
ways to enhance the nitrogen abundance (Six, 2013). The Ophiostomatoid fungi accumulates 44 
the sapwood nitrogen and transport it to the surface of gallery on where beetle larvae feed 45 
(Bleiker & Six, 2009; Six, 2013). Larvae of ambrosia beetle grow with feeding on the fungal 46 
tissues with pieces of xylem (xylomycetophages) or only the symbiotic fungi as their 47 
exclusive diet (mycetophages) (JIRI Hulcr, MOGIA, Isua, & Novotny, 2007). 48 
Thus, it is important to understand the host range of symbiotic fungi (cf. Hulcr et al. 49 
2007, Watanabe et al. 2014) with phylogenetic relatedness of host plant species in order to 50 
assess the contributions of microbial symbionts to host plant utilization by herbivorous 51 
insects. The infectivity of fungal symbiont of ambrosia beetle to the host plants should be 52 
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also examined. The fungal symbiont of bark beetle–associated diseases has been well studied 53 
in relation to coniferous tree for a commercial reason. However, the fungal flora that are 54 
involved in ambrosia beetle–associated disease are not yet well described (Endoh, Suzuki, 55 
Okada, Takeuchi, & Futai, 2011; Ploetz, Hulcr, Wingfield, & de Beer, 2013). Since Batra 56 
(1967) revised a taxon of the hitherto described ambrosia associated fungi, a current list of 57 
the previously described species and their associated beetle species is presented just recently 58 
by Kubono and Ito (2002) and Gebhardt & Oberwinkler (2005). The taxonomy of ambrosia 59 
fungi has been re-evaluated, because their classification was originally established using 60 
morphological characteristics that are poorly defined in artificial media, and because most are 61 
known only by their asexual state (Gebhardt, Weiss, & Oberwinkler, 2005; Massoumi, Tsui, 62 
& Breuil, 2009). In order to understand the key to the success of ambrosia beetle breeding, 63 
species identification of their symbiotic fungi based on molecular classification and their host 64 
range are required. 65 
This study examines the host specificity of fungi associated with two Xyleborini 66 
species; Xyleborinus saxeseni and Xylosandrus germanus. Host ranges of these two species 67 
are outstandingly wide, which covered 83 to 94% of local tree species in temperate forest 68 
(see Chapter 3). In contrast with the wide host plant range ambrosia beetles, the narrower 69 
host range for the successful breeding was observed, which suggested that the host range of 70 
their symbiotic fungi is narrower than the range of host recognition by the ambrosia beetles. 71 
In this study, this implication on host range of their symbiotic fungi is examined by 72 
molecular based species identification, DNA barcoding (Schoch et al., 2012). These results  73 
showed not only host specificity of their symbiont on host plant species, but also the 74 
contributions of the symbiotic fungi to the host utilization of herbivore insects.  75 
 76 
 77 
89 
Material and Method 78 
 79 
Study area and plant species 80 
The study was conducted in a mosaic of primary cool temperate mixed forest of Tochimoto 81 
Tract, the University of Tokyo Chichibu Forest in central Japan (35°54’N, 138°49’E) in 2012. 82 
For the field experiment, 18 tree species from 17 orders were selected so that they fit the 83 
following criteria: they were locally abundant and represented all major lineages (at order 84 
level) of dicotyledonous plant species with an exception of one conifer (Tsuga diversifolia, 85 
Pinaceae; Table 4-1). 86 
 87 
Insect sampling 88 
Bolts of 18 plant species were left on the forest floor in each of three elevations (1100m, 89 
1450m, and 1800m asl.) and exposed for 104 days. The details of the procedure were 90 
described in chapter 3. The bolts after the exposure were packed with fine meshed net bags to 91 
protect from further insect attacks before dissecting. These bolts with holes excavated by 92 
bark and ambrosia beetles were dissected hole-by-hole to about 2 cm-thick woody discs each 93 
containing both a gallery and an insect species. After dissecting, the woody discs were kept at 94 
2-3°C in a container box and then frozen under -30°C at the laboratory. The insect beetles 95 
were then picked up and identified to species. The specimens were kept in a bottle with 70% 96 
ethanol. The wood chips were frozen at -30 °C utill fungal isolation. 97 
 98 
Beetle Galleries 99 
The galleries of two Xyleborini species were examined on17 plant species of 17 orders. Each 100 
gallery was sorted according to developmental stages of insects (see chapter 3). Among them, 101 
two gallery types were used in this study, “success-breeding” (SB) and “failed-breeding” 102 
90 
(FB). Type SB is the case with the larvae, pupa, and/or juvenile being in the gallery, whereas 103 
Type FB is the case with parents only being alive in the gallery but the absence of the 104 
progeny. For the conditions of the host plant, trees cut just before exposure (newest, see 105 
chapter 3) were mainly used. The trees cut in December in 2011 (oldness) and April in 2012 106 
(middle) were used for X. saxeseni on three plant species; Quercus crispula, Prunus 107 
nipponica and Tilia japonica, because of the absence on newest conditions. In total, 95 108 
galleries from 14 host plant species were obtained for fungal isolation (Fig. 4-1; Table 4-2). 109 
 110 
Cultivation and Culturing of Fungi 111 
Fungal isolation from the woody chips was performed according to Endoh et al. (2008). The 112 
sample locations within the beetle galleries were deeper than at least 2cm from the entry of 113 
hole. Isolation of fungi was performed by standard plating method using YM agar (1% [w/v] 114 
glucose, 0.5% [w/v] peptone, 0.3% [w/v] malt extract, 0.3% [w/v] yeast extract) plates 115 
containing 100 ppm of streptomycin.. The plates were incubated at 25°C with daily 116 
observation up to 1~2 weeks. Yeast colonies appeared on each plate were visually grouped 117 
according to the culture characteristics. Each colony was picked up by toothpicks and served 118 
for the DNA analysis. 119 
 120 
DNA extraction 121 
Genomic DNA was extracted with the glass bead method. Approximately 100 µl of cell mass 122 
was harvested and suspended in sterile distilled water in a microtube. The cells were rinsed 123 
with sterile distilled water and re-suspended in 500 µl lysis buffer (50 mM Tris–HCl, 250 124 
mM sodium chloride, 50 mM EDTA, 0.3% [w/v] SDS, pH 8). Approximately 200 µl of U 0.8 125 
mm glass beads was added to each tube, and the tubes were vortexed for 2.5 min to disrupt 126 
the cells. The tubes were incubated for 1 h at 65°C and placed on ice for several minutes. 127 
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After vortex-mixing again for 1 min, the tubes were centrifuged at 15,000 rpm for 30 min at 128 
4°C. Each supernatant was transferred to a new tube, to which an equivalent volume of 129 
phenol/chloroform/isoamylalcohol (25:24:1) was added and mixed to emulsify. After 130 
centrifuging at 15,000 rpm for 15 min at room temperature, the supernatant was put into 131 
another tube and 1/10 volume of 3 M sodium acetate and an equal volume of isopropanol was 132 
added. The mixture was incubated at -20°C for at least 30 min and centrifuged at 15,000 rpm 133 
for 20 min at 4°C to sediment DNA. The resulting DNA pellet was rinsed with 70% ethanol 134 
and dried. The pellet was re-suspended in 200 µl of TE buffer (10 mM Tris–HCl, 1 mM 135 
EDTA, pH 8) and kept at -20°C until used. 136 
 137 
rDNA sequencing and phylogenetic analysis 138 
ITS (Internal transcribed spacer) regions of the rDNA was amplified by PCR with BD 139 
primers (GTCGTAACAAGGTTTCCGTA; Luton, Walker, & Blair, 1992) and ITS4 140 
(TCCTCCGCTTATTGATATGC; White, 1990). Amplifications were performed in 50 µl 141 
reactions, each containing 5 µl of 10×Ex Taq buffer, 4 µl of 10 mM dNTP, 20 pmol of each 142 
primer, 0.5 µl of Takara Ex Taq (Takara Bio, Shiga, Japan), and 5 µl of 20 ng/µl DNA 143 
template using a thermal cycler with the following program; an initial denaturation at 95°C 144 
for 5 min, followed by 93°C for 45 sec, 40 cycles of 45 sec at 93°C, 1 min at 50°C, and 1 min 145 
at 72°C and a final extension of 6 min at 72°C. Sequence data were aligned by using  146 
Purified sequencing reactions were run on an ABI 3500 automated sequencer (Applied 147 
Biosystems) and partly by the commercial company (Macrogen Japan Co., Tokyo, Japan). 148 
The sequences were compared with those available in the GenBank database at the DDBJ 149 
using BLASTN program (Altschul et al. 1997). The species with the highest per cent 150 
sequence identity (the closest relative) are relation with the plant pathogen except one 151 
sequence which was not in relation with plant. Following the alignment by the software 152 
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MAFFT (Katoh, Asimenos, & Toh, 2009), the nucleotide substitution rate was determined 153 
from general time-reversible model with γ-distributed rate heterogeneity and a proportion of 154 
invariant sites (GTR + G + I) and a phylogenetic tree was generated with the 155 
neighbour-joining method (Saitou & Nei, 1987) available in the software MEGA5 package 156 
(Tamura et al., 2011). The topology of the phylogenetic tree was tested by bootstrap analysis 157 
(1,000 replicates, Felsenstein 1985).  158 
 159 
Data analysis 160 
The sequences were assigned to operational taxonomic units (OTUs) using the average 161 
linkage algorithm implemented in the program mothur (ver. 1.13.0) (Schloss et al., 2009), 162 
based on two different distance levels. OTUs based on 95% and 80% sequence identity cutoff 163 
were made and used for analysis (Fig. 4-2). Whether host range of OTUs was different 164 
between SB and FB was tested by the logistic regression model with SB or FB as the 165 
responsible variable and host range of each OTU based on 80% sequence identity cutoff as 166 
the explanatory variable using the software R 3.0.1. 167 
Phylogeny among targeted plant species and their phylogenetic distances were 168 
reconstructed according to the procedure described in chapter 3. To assess the effect of host 169 
specificity of the fungal assemblage among plant species on the limitation to the success of 170 
insect rearing, pairwise similarities of the fungal assemblage among host plant species were 171 
measured by the Jaccard and Chao-Jaccard index calculated in R Statistical Software with the 172 
‘vegdist’ function in the vegan package (Oksanen and Kindt 2013). In the present study, I 173 
used OTUs of type SB for calculating the similarities of the fungal assemblage with setting 2 174 
Xyleborini species and deteriorational conditions together. Then, the relationships between 175 
the results of similarities and phylogenetic distances between plant species were tested by 176 
mantel test for the verification of the effect of host phylogeny on the fungal assemblage. For 177 
93 
this analysis, similarities both including and excluding singleton were used from the point of 178 
views of both reducing bias and keeping sampling quantity. 179 
 180 
 181 
Results 182 
 183 
From the 285 fungal colonies obtained from 95 galleries of 2 Xyleborini species, 121 184 
sequences were successfully aligned to 24 fungal families. Total species interaction between 185 
host plant species and the fungal OTUs based on 95% and 80% sequence identity cutoff was 186 
shown in Fig. 4-3 and 4-4. For Xylosandrus germanus, the number of OTUs based on 80% 187 
sequence identity cutoff was 49 units under the newest condition. Among the OTUs, the unit 188 
containing Trametes versicolor (Polyporaceae; Polyporales) as the closest relative by BLAST 189 
search was the broadest host range (7 plant species) with the most abundant (15 galleries) 190 
presenting 37% of the total X. germanus galleries. Host range of fungal OTUs utilized by X. 191 
germanus based on 80% sequence identity cutoff was 4.5 ± 1.5 (mean ± se) plant species 192 
(Table 3).  193 
For Xyleborinus saxeseni, the number of OTUs based on 80% sequence identity 194 
cutoff was 72 units. The broadest host range per OTU was 6 plant species with 14 galleries. 195 
Host ranges on average were 2.5 ± 0.50, 1.2 ± 0.13 and 1.2 ± 0.20 plant species under the 196 
newest, middle and oldest conditions, respectively. On 80% threshold OTU basis, species 197 
richness obtained from 3 plant species which covered the all deteriorational conditions were 6, 198 
12 and 8 each for newest, middle and oldest condition, respectively (Fig. 4-5). 199 
The logistic regression models with whether the gallery was successfully breeding 200 
(SB) or failed (FB) as the responsible valuable showed null model (AIC =119.9) was better 201 
than the model with host range of OTUs as explanatory valuable (AIC =120.1, coefficient = 202 
94 
0.25) although their difference in AIC was small. 203 
The effect of host phylogeny on host specificity of the fungi was partly significant 204 
but strongly dependent on singletons: mantel test were significant in OTUs including 205 
singletons based on 80% sequence identity cutoff (r = -0.43, P < 0.05 for Jaccard index and r 206 
= -0.43, p < 0.05 for Chao-Jaccard index; Fig. 4-6; 4-7).  207 
 208 
 209 
Discussion 210 
 211 
Host range of the fungi presented in the galleries was narrower than that of ambrosia beetles 212 
as gallery founder. For example, host range of X. germanus under the newest condition in the 213 
insect-boring galleries was 13 plant species (Chapter 3) but that of the fungi in the galleries 214 
was 4.5 plant species on average and 7 plant species even at the broadest host range based on 215 
80% sequence identity cutoff. Similarly, host range of X. saxeseni in the insect-boring 216 
galleries (11 species) were much larger than those of the fungi, i.e., 11 of 16 OTUs had only 217 
2 or less host plant species with 2.5 species on average. In chapter 3, the decrease in host 218 
range of ambrosia beetles was shown along with preceding insect breeding stages. The 219 
narrower host range of their symbiotic fungi than that of ambrosia beetles was suggested, 220 
which was supported by present results. (Brändle & Brandl, 2006) reported that 86% of the 221 
fungi species were restricted to a single tree genus, which support the idea that host range of 222 
the fungi limits the growth and reproduction of ambrosia and ambrosia beetles. 223 
The dominant species of fungi tells us the detail on the effect of host specificity of 224 
the fungi on that of ambrosia beetles. For example, Trametes versicolor, the closest relative 225 
species of the OTU dominated on X. germanus galleries but only doubleton on X. saxeseni 226 
galleries. The existence of T. versicolor largely affected the host range of two Xyleborini 227 
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species. Although the host ranges of two Xyleborini species at the insect-boring stage were 228 
similar, host range of X. germanus was twice as large as that of X. saxeseni at 229 
fungi-cultivating stage (data not shown), which corresponded with the abundance of T. 230 
versicolor . Therefore, T. versicolor may play an important role for host utilization and the 231 
reproduction of ambrosia beetles. Furthermore, following to the dominant OTU, the second 232 
and third dominant OTU contain Pichia and Candida, both belonging to the 233 
Saccharomycetaceae family which is famous for ambrosia fungi (Endoh, Suzuki, & Benno, 234 
2008). Although the higher frequencies of genus Pichia and Candida, 14% and 12% in 235 
abundance, were observed, the host ranges of these OTUs were relatively low. However, this 236 
might be caused by a mis-identification by ITS region. In the present study, ITS region was 237 
amplified as the most suitable site for DNA barcoding on fungi (Schoch et al., 2012), but, for 238 
Saccharomycetaceae family, the D1/D2 domain of the large subunit ribosomal DNA (LSU 239 
rDNA D1/D2) was mainly used in the previous study. Therefore, the use of D1/D2 domain 240 
may improve the classification of the fungi presented in this study. 241 
In comparison between the type SB and FB, the logistic regression models did not 242 
show the trend that the broader host range of the fungi tend to the success in breeding of 243 
ambrosia beetles. This ambiguous result may suggest that the breeding of ambrosia beetles is 244 
dependent on not only the fungi with low host specificity, such as Trametes versicolor, but 245 
also on the host-specific fungi with adapting host plant species. It may suggest the existence 246 
of ambrosia beetle that is dependent on many opportunistic fungi everywhere. 247 
 However the result of the present study is still tentative one. The analytical result 248 
on the effect of host phylogeny on the similarity of the fungal assemblage was affected by 249 
singletons and the fungal species on coniferous species (Fig.4-6; 4-7). Furthermore, the 250 
logistic regression models on OTUs based on 80% sequence cutoff was also including 251 
singletons. However, main conclusion in this study was derived from the conservative 252 
96 
manipulation in which 80% sequence cutoff for OTUs limitation was utilized. Neverthless, 253 
OTUs with the plural number also has been showing host specificity (Fig. 4-3; 4-4), which 254 
the increase of sampling quantity would promise that the result is to be reliable. 255 
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Figure and Table 
Table 4-1 The focal plant species in this study. Order was compliant based on APG III classification system.  
Species Family Order  Fungal isolation 
Tsuga diversifolia (Maxim.) Mast. Pinaceae Coniferae ○ 
Salix bakko Kimura Salicaceae Malpighiales ○ 
Fagus japonica Maxim. Fagaceae Fagales ○ 
Quercus crispula Blume Fagaceae Fagales ○ 
Magnolia obovata Thunb. Magnoliaceae Magnoliales × 
Trochodendron aralioides Siebold et Zucc. Trochodendraceae Trochodendrales ○ 
Euptelea polyandra Siebold et Zucc. Eupteleaceae Ranunculales ○ 
Cercidiphyllum japonicum Siebold et Zucc. ex Hoffm. et Schult. Cercidiphyllaceae Saxifragales ○ 
Pieris japonica (Thunb.) D.Don ex G.Don subsp. Japonica Ericaceae Ericales × 
Prunus nipponica Matsum. Rosaceae Rosales ○ 
Acer micranthum Siebold et Zucc. Sapindaceae Sapindales ○ 
Meliosma myriantha Siebold et Zucc. Sabiaceae Basaleudicot × 
Ilex macropoda Miq. Aquifoliaceae Aquifoliales ○ 
Swida controversa (Hemsl. ex Prain) Soják Cornaceae Cornales ○ 
Acanthopanax sciadophylloides Franch. et Sav. Araliaceae Apiales ○ 
Fraxinus lanuginosa Koidz. f. lanuginosa Oleaceae Lamiales × 
Wisteria floribunda (Willd.) DC. Leguminosae Fabales ○ 
Tilia japonica (Miq.) Simonk. Malvaceae Malvales ○ 
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Table 4-2 Sampling quantity of host plant gallery. The abundance showed the number of culture-plates. 
  Xylosandrus germanus   Xyleborinus saxeseni 
 newest  newest  middle  oldest 
  Success Failed   Success Failed   Success Failed   Success Failed 
Tsuga diversifolia (Maxim.) Mast. 1 0  - -  - -  - - 
Salix bakko Kimura - -  0 3  - -  - - 
Fagus japonica Maxim. 2 0  4 2  - -  - - 
Quercus crispula Blume 3 1  1 1  2 1  2 2 
Trochodendron aralioides Siebold et Zucc. 0 1  - -  - -  - - 
Euptelea polyandra Siebold et Zucc. 3 2  0 1  - -  - - 
Cercidiphyllum japonicum Siebold 3 0  0 4  - -  - - 
Prunus nipponica Matsum. 2 2  0 3  3 3  3 0 
Acer micranthum Siebold et Zucc. 2 2  1 1  - -  - - 
Ilex macropoda Miq. 3 0  2 3  - -  - - 
Swida controversa (Hemsl. ex Prain) Soják - -  1 3  - -  - - 
Acanthopanax sciadophylloides Franch. et Sav. 3 0  1 3  - -  - - 
Wisteria floribunda (Willd.) DC. 3 0  - -  - -  - - 
Tilia japonica (Miq.) Simonk. - -  0 2  3 1  3 3 
            
Total abundance 25 8   10 26   8 5   8 5 
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Table 4-3 host range of 2 Xyleborini species under the deteriorational 
condition based on 80% sequence identity cutoff. Singletons were excluded 
from calculations. 
Xylosandrus germanus   Xyleborinus saxeseni 
Newest   newest Middle oldest 
4.5 ± 1.5   2.5 ± 0.50 1.2 ± 0.13 1.2 ± 0.20 
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Salix bakko
Fagus japonica
Quercus crispula
Prunus nipponica
Wisteria floribunda
Acer micranthum
Tilia japonic
Cercidiphyllum japonicum
Ilex macropoda
Eleutherococcus sciadophylloides
Cornus controversa
Trochodendron aralioides
Euptelea polyandra
Tsuga diversifolia
 
Fig. 4-1. Phylogeny of focal plant species derived mainly from the dated angiosperm 
supertree (Davies et al., 2004) except Tsuga diversifolia of gymnosperm that was inserted 
into the outside of this tree, according to Jiao et al. (2011) and Bell et al. (2005). 
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Fig. 4-2. The internal transcribed spacer 1 (ITS1) barcoding threshold values in the fungal 
assemblage presented in ambrosia beetle galleries. Black circles in 95 % and 80 % were the 
operational taxonomic units (OTUs) that used for analysis in this study. 
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Fig. 4-3 Total species interaction between host plant species and fungal OTUs based on 95% sequence identity cut-off. The number is 
abundance of sequence. Simplified name of host plant species is the following: Tsuga diversifolia (Td), Salix bakko (Sb), Fagus 
japonica (Fj), Quercus crispula (Qc), Trochodendron aralioides (Ta), Euptelea polyandra (Ep), Cercidiphyllum japonicum (Cj), 
Prunus nipponica (Pn), Acer micranthum (Am), Ilex macropoda (Im), Swida controversa (Sc), Acanthopanax sciadophylloides 
(As), Wisteria floribunda (Wf) and Tilia japonica (Tj). 
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Fig. 4-4 Total species interaction between host plant species and fungal OTUs based on 80% sequence identity cut-off. The number is 
abundance of sequence. 
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Fig. 4-5. Species interaction between host deteriorational conditions and fungal OTUs based on 80% sequence identity cut-off. The number 
is abundance of sequence.
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Fig. 4-6. Plant phylogenetic distance and the Jaccard similarity of the fungal OTUs in Type 
SB based on 95% and 80% sequence identity cut-off. The relationship including singletons 
was not significant in OTUs based on 95% (Pearson r = -0.34, p = 0.11, two-sided Mantel 
test) but significant in 80% (r = -0.43, p < 0.05). The relationships excluding singletons was 
not significant in both OTUs based on 95% (r = -0.07, p = 0.76) and 80% (r = -0.13, p = 
0.50). 
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Fig. 4-7. Plant phylogenetic distance and the Chao-Jaccard similarity of the fungal OTUs in 2 
Type SB based on 95% and 90% sequence identity cutoff. The relationship including 3 
singletons was significant in OTUs based on both 95%, marginally (Pearson r = -0.35, p = 4 
0.05, two-sided Mantel test) and 80% (r = -0.41, P < 0.05). The relationships excluding 5 
singletons were both not significant in OTUs based on 95% (r = -0.15, P = 0.50) and in 6 
OTUs based on 80% (r = -0.11, P = 0.58). 7 
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Chapter 5 8 
General discussion 9 
 10 
The validity of host specificity for species estimation 11 
 12 
In chapter 2, the effect of plant diversity and phylogeny on the structure of bark and ambrosia 13 
beetle assemblage was confirmed. Especially, the relationship between angiosperm 14 
phylogeny and host specificity of ambrosia beetles was clearly shown, which consists with 15 
the history of diversification in ambrosia beetles following the diversification of angiosperms 16 
species (Farrell et al., 2001; Marvaldi, Sequeira, O’Brien, & Farrell, 2002). This result 17 
showed the validity of host specificity as the estimator of the species richness of bark and 18 
ambrosia beetle assemblage and suggested the importance of phylogenetically even sampling 19 
for the valid estimation of species richness as a whole.  20 
The first result of species estimation for ambrosia beetle in 2011 was considerably 21 
underestimation, whereas the second result from two years data improved the estimation. In 22 
chapter 3, inclusion of the effect of deteriorational conditions further improved the species 23 
estimation. The number of species presented in 2012 was more than twice as large as that of 24 
2011, which boosted the estimated species richness and resulted in overestimation on the 25 
described species in Japan. This result showed the importance of the deteriorational 26 
conditions of host plants for species diversity of ambrosia beetles and also the evolutionary 27 
relationship between ambrosia beetles and their host plants. For the expression of the 28 
relationship between host phylogenetic distance and herbivore assemblage similarity, simple 29 
linear model was used in the present study, whereas several previous studies used semi 30 
log-linear model (Novotny & Republic, 2010; Novotny et al., 2006; Ødegaard, Diserud, & 31 
Østbye, 2005). This difference may show the evolutionary trajectory of herbivore 32 
diversifications. 33 
112 
The methods used in the present study was utilized by previous studies for species  34 
estimation for herbivores (Hamilton, Novotný, & Waters, 2012; Lewinsohn, Novotny, & 35 
Basset, 2011). Although most of studies have applied to folivore insects, the present results 36 
verified the practicability of this method in general. Because ambrosia and bark beetles, or 37 
xylophagous species are the assemblage with the weakest regulation by host plant species, 38 
this method can be applied to the various insect herbivore guilds which show host specificity 39 
in degrees between that of folivore and ambrosia beetle guilds.  40 
 41 
Factors affecting the host specificity of ambrosia and bark beetle assemblage 42 
 43 
In addition to biotic factors such as guilds or host phylogeny, the effects of abiotic factor on 44 
host specificity were confirmed in chapter 2. The temporal effects on the assemblage 45 
structure was the important factor. Although sample size (number of raring logs) in 2012 was 46 
only one-third of that in 2011, the abundance in 2012 was more than three times as that of 47 
2011, which resulted in the different trend of host specificity in ambrosia beetles. Outbreaks 48 
of ambrosia and bark beetles were sometimes reported at the southern border of the European 49 
Alps (Marini, Ayres, Battisti, & Faccoli, 2012) caused by high temperature or an explosive 50 
increase of their resources following a disturbance (Werle, Sampson, & Oliver, 2011). 51 
Outbreaks could result in skewed distribution of their abundance within assemblage as a 52 
whole. When the species richness is estimated by parametric methods, these "noises" in the 53 
data strongly affect the results. Thus careful examination of the data us need for accurate 54 
estimations. 55 
As another abiotic factor, elevational gradient should be examined. Species 56 
richness of ambrosia beetles showed the elevationally nested distribution with species rich in 57 
low elevation and poor in higher elevations as shown in chapter 2. This may be because of 58 
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the sensitivity of their symbiotic fungi on the temperature (Choi, 2011; Davis & Hofstetter, 59 
2011). Several studies challenged to show the elevational trends in ambrosia assemblage 60 
(Röder et al., 2010; Tykarski, 2006; Williams, McMillin, DeGomez, Clancy, & Miller, 2008), 61 
but those were often hindered by the other factor such as outbreaks of ambrosia beetles 62 
(Chinellato, Faccoli, Marini, & Battisti, 2013). Chinellato et al. (2013) suggested that the 63 
focal elevational gradient should only a few kilometres between the lowest and highest 64 
location because the larger gradient could bring the noise from immeasurable biases. In the 65 
present study, range of the elevational gradient was 800 m from 1100 to 1800m, which might 66 
be reasonable range. This makes the result of present study highly reliable. 67 
 In chapter 3, the result showing higher host similarity among beetles on the older 68 
woody condition compared with the newer one emphasizes the importance of chemical 69 
attributes of host plants. Here the role of ethanol as an attractant of ambrosia and bark beetles 70 
is important. Because ethanol was produced by fermentation of a sugar in a reduced oxygen 71 
condition, the production is never species-specific for plants. Ambrosia and bark beetles 72 
utilize ethanol (volatile) as a cue for dying or stressed woods (Kelsey, Beh, Shaw, & Manter, 73 
2013; Moeck, 1970; Sjödin, Schroeder, Eidmann, Norin, & Wold, 1989). However species 74 
specific volatile is also emitted from their host plant (J A Byers, 2004; John A Byers, 1992; 75 
Courtois et al., 2009; Madrera, Gomis, & Alonso, 2003) and also from non-host plant 76 
(Mithöfer & Boland, 2012; Pureswaran, Gries, & Borden, 2004; Schlyter, Smitt, Sjödin, 77 
Högberg, & Löfqvist, 2004). In contrast with the role of ethanol (Edde, Toews, & Phillips, 78 
2011; White, Agosin, Franklin, & Webb, 1980), these specific volatiles directionally attract 79 
the ambrosia beetles, such as searching for their favourite hosts (Jiri Hulcr, Mann, & Stelinski, 80 
2011; Schlyter et al., 2004) and mate (Teale, Hager, & Webster, 1994). Although our study 81 
didn’t directly examine the volatile, the results suggested the shifting contribution of volatiles 82 
following host degradational phases. Kelsey (1993) reported the increase of ethanol 83 
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accumulation along with the days from tree-felling. The other studies showed the change of 84 
the volatile composition along with woody decay (Lindelöw, Risberg, & Sjödin, 1992; Sjödin, 85 
Schroeder, Eidmann, Norin, Wold, et al., 1989). These showed the importance of host 86 
physiologycal conditions on the host specificity of bark and ambrosia beetles in the phase of 87 
host recognition. 88 
 However, the host specificity of ambrosia beetles and their breeding success are 89 
regulated not only by the volatile but also by the other species-specific fungal flora. 90 
Compared to host range of ambrosia beetles at boring-success stage, the fewer host range of 91 
that at breeding-success stage was observed (chapter 3). This suggested the limitation of host 92 
range of ambrosia beetles by their symbionts. In chapter 4, the effects of symbiotic fungi on 93 
the host specificity and the success of the reproduction of ambrosia beetles were examined. 94 
Although the total abundance was rather small to determine the contribution of the specific 95 
fungi to the breeding success of ambrosia beetle, host specificity of the fungi was higher than 96 
that of ambrosia beetles. Furthermore, the increase of species richness in the fungi along with 97 
the preceding of the host deteriorational conditions was confirmed, which coincided with the 98 
increase in host range of ambrosia beetles with the preceding of the host deteriorational 99 
conditions. This result showed the host limitation of ambrosia beetles by the fungi. It is 100 
revealed that their novel interaction could extend host plant species.  101 
 102 
Host specificity as information for risk analysis 103 
 104 
Recently the destructive effects of invasive ambrosia and bark were reported in many 105 
countries (Harrington et al., 2011; J Hulcr & Dunn, 2011). Hulcr and Dunn (2011) emphasize 106 
the importance of the novel interaction between insect and fungi for their breeding. The 107 
present result supports this idea that host range of ambrosia beetles based on host recognition 108 
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and insect-boring is broader than that based on successfull utilization. 109 
The merit of bark and ambrosia beetles for the research subject of host specificity 110 
Bark and ambrosia beetles have been paid attention as a research subject of herbivore-fungal 111 
interaction (Carrillo, Crane, & Peña, 2013). Relative to the food materials of the other 112 
herbivore guilds, the nutrient content of the wood tissue is very low (Mattson, 1980), 113 
although it comprises large part of biomass in terrestrial systems. Therefore, the researchers 114 
have come to pay attention to the mutualists that help the herbivore insects to utilize host 115 
plant and their contribution on the insect host selection (Gilbert, Sapp, & Tauber, 2012; 116 
Hansen & Moran, 2013). Among the research subjects of herbivore-fungal interaction, the 117 
knowledge of the relationship between bark and ambrosia beetles and their symbionts are 118 
slowly accumulated in recent years. Therefore, the study of the relationship between bark and 119 
ambrosia beetles and their symbionts could be fruitful. 120 
 In this study, various factors regulating host specificity of bark and ambrosia 121 
beetles were examined. The present results showed that both biotic factors such as host 122 
phylogeny (chapter 2) and woody deteriorational conditions (chapter 3), and abiotic factors 123 
such as seasonal variation and elevational gradient (chapter 2) affected the host specificity in 124 
the same way as shown in other herbivore guilds(chapter 2). The effects of their symbiotic 125 
fungi on host specificity were also examined (chapter 4). As a consequence of the inclusion 126 
of various factors, the estimated species richness increased from underestimation to 127 
overestimation of the described species in Japan (chapter 2,3). The triangle relationship 128 
among host plant species, bark and ambrosia beetles and their symbiotic fungi was examined 129 
by decomposing host specificity into their major component, such as host physiological 130 
conditions and insect-life stage (chapter 3). Recent researches have also paid attention to the 131 
triangle relationship because of the risk as a pest (Jiri Hulcr et al., 2011; Ploetz, Hulcr, 132 
Wingfield, & de Beer, 2013) (Gilbert et al., 2012; Hansen & Moran, 2013; Six, 2013). The 133 
116 
examination on bark and ambrosia beetles is informative and would give many implications 134 
for that area. 135 
 136 
 137 
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Chapter 1 1 
General Introduction 2 
 3 
One of the important themes in community ecology is the estimation of potential fauna of 4 
herbivorous insect on the earth based on the relationship between plant trait evolution and 5 
counter adaptation of insects (Ehlich & Raven 1964(Janz, 2011). In this decade, many 6 
empirical studies carried out to understand the tropical mega diversity (Hulcr, Isua, & 7 
Novotny, 2007; Novotny et al., 2006; Novotny, V., Basset, Y., Miller, S. E., Drozd, P., & 8 
Cizek, 2002) and to estimate global species richness (Andrew & Hughes, 2005; Hrcek et al., 9 
2013; Mueller & Schmit, 2007; Pokon, Novotny, & Samuelson, 2005). Among the variety of 10 
models for species estimation, such as species-area relationship model, survey distance model, 11 
species-abundance distribution model, and larger sample size model, Basset et al. (2012) 12 
pointed out that “plant model” which is derived from the host specificity was the most 13 
reliable index for global species estimation (Basset, Cizek & Cuénoud, 2012). 14 
Host specificity is one of the most important property of ecological assemblage of 15 
consumer species (Pearse, Harris, Karban, & Sih, 2013), which can be expressed by classical 16 
host breadth (May & Beverton, 1990) and modern host similarity (Diserud & Odegaard, 17 
2007). For herbivore species, host plant breadth, i.e. the number of plant species fed on, is the 18 
most basic absolute index describing the insect-plant interactions. The famous "effective 19 
specialization" by Rob May (May & Beverton, 1990) is the one of the extension of this index. 20 
Host similarity, on the other hand, is the index of relative measures of host plant selection, 21 
which typically expressed by the correlation between the phylogenetic distance of host plant 22 
species and the structural similarity among herbivore assemblages on their host plants 23 
(Diserud & Odegaard, 2007; Novotny et al., 2006). With the inclusion of the information of 24 
relative host suitability, host similarity is more informative compared with host breadth as the 25 
descriptor of the insect-plant interactions (Graham & Fine, 2008). 26 
4 
 Host specificity has strong connection with the structure of consumer assemblages 27 
(Novotny et al., 2010; Poulin, Krasnov, & Mouillot, 2011) with shed a light on the 28 
evolutional relationships between plants and their consumers. Plants developed variety of 29 
defence mechanisms such as physical and chemical ones, whereas insect herbivores counter 30 
adapted to these defences by tolerance, resistance, or escape from them. These defence 31 
mechanisms and their levels varied among plant organs because of the difference in their 32 
function or chemical background (Barrett & Heil, 2012; Becerra et al., 1997). On the other 33 
hand, insect herbivore species are segregated among these different plant organs clustered as 34 
folivores (leaf), frugivore (fruit), granivore (seed) and xylophagy (wood) etc. It is well known 35 
that host specificities are largely varied among herbivore guilds(Novotny & Basset, 2005; 36 
Novotny et al., 2010).  37 
In addition to the difference among herbivore guilds, varieties of factors are 38 
proposed to affect the host specificity of herbivores (Barrett & Heil, 2012; Novotny et al., 39 
2010). The phylogenetic distribution (F Ødegaard, Diserud, & Østbye, 2005; Paul et al., 40 
2006) and the physiological and developmental status (Novotny & Basset, 2005; C. Ranger 41 
& Reding, 2012; Walling, 2008; Barrett & Heil, 2012) of host plants are the important factors 42 
regulating host specificity of herbivores because these factors affect the host utilization of 43 
herbivore insects in the various phase, such as host recognition, tolerance against defensive 44 
trait and the nutrient availability. Experimental studies that taken such factors into account 45 
are scarce with exclusively focusing on leaf-chewing guild which feed on (Novotny et al., 46 
2010). Plant leaves are evolutionally flexible and shown to be correlated with structure of 47 
folivores assemblages (Pearse & Hipp, 2009). On the other hand, the evolutional flexibilities 48 
are much lower in xylem vessel of important component for wood (Edwards, 2006; Hudson, 49 
Razanatsoa, & Feild, 2010), which may cause the slower changes in trait evolution of 50 
xylophagous insect. This should cause the interference of the factors other than changes in 51 
5 
plant traits on the adaptation of host utilization by herbivores.  52 
Bark and ambrosia beetles (Curculionidae: Scolytinae and Platypodinae), which are 53 
often cited as the example of generalist herbivore (Hulcr et al., 2007), are good candidates to 54 
examine the effect of plant trait evolution on the structure of herbivore assemblage as the 55 
opposite extreme of the specialist, folivore guilds. Larvae of ambrosia beetle grow and fed on 56 
the fungal tissue with pieces of xylem (xylomycetophages) or only the symbiotic fungi as 57 
their exclusive diet (mycetophages; JIRI Hulcr, MOGIA, Isua, & Novotny, 2007) (Fig. 1-1 to 58 
1-4). On the otherhand, bark beetle is largely dependent on nutrient rich phloem 59 
(phloeophagous) as their resources, although some larvae of bark beetles consume not only 60 
phloem but also their symbiotic fungi as their supplemental diet (mycophloeophagous; Six, 61 
2013) (Fig. 1-5 to 1-6).The preferential uses of coniferous trees by bark beetles are well 62 
known because of commercial importance of these interactions (Ploetz, Hulcr, Wingfield, & 63 
de Beer, 2013). In contrast, host of ambrosia beetles is mainly composed of broadleaf tree 64 
species (Ploetz et al., 2013). Although ambrosia beetles may not be intrinsic herbivores 65 
because of their larger dependence on fungi, they are treated as herbivore guild in broad 66 
sense because ambrosia beetles have evolved from herbivorous bark beetles multiple times 67 
(Farrell et al. 2001) and because host recognition of them is based on plant volatile, same as 68 
other herbivore guilds (Wood, 1982).  69 
On the previous study, however, a few studies examined the effect of plant 70 
phylogeny on assembly pattern of beetles for the ambrosia and bark beetles (JIRI Hulcr et al., 71 
2007). The broadest host breadth was reported for this insect guild with the effect of plant 72 
phylogeny on the assemblage structure being confirmed (Novotny et al., 2010). These are 73 
rather strange situation because the broader host range should lead to the less effect of plant 74 
phylogeny on herbivore assemblages. The effects of symbiotic fungi on this relationship are 75 
expected to explain this strange situation by host limitation of their symbiotic fungi. In 76 
6 
particular, the study of host specificity (susceptibility) in the ambrosia symbiotic fungi to 77 
plant have just begun because classification of them was based on morphology of 78 
conidiophores in 20 century (Gebhardt & Oberwinkler, 2005; Kubono & Ito, 2002; 79 
Massoumi Alamouti, Tsui, & Breuil, 2009). The examination of the triadic relationship 80 
should offer the general understandings of the factors regulating the host selection by 81 
ambrosia and bark beetles. 82 
In this thesis, the results of field experiments with standardized sampling procedure 83 
were represented to reveal the factors affecting the host selection and species estimation by 84 
ambrosia and bark beetles. In chapter 2, the results of field experiment examining the effect 85 
of host plant phylogeny on host specificity of bark and ambrosia beetle were presented. In 86 
this chapter, the broader host range of ambrosia beetle assemblage than other folivore guilds 87 
were presented with the effect of host phylogeny on host specificity, which followed the 88 
result of previous studies. Elevational gradient of abiotic factor affected on species richness. 89 
Especially, seasonal variation of environment affected abundance and as a result, host 90 
specificity and species estimation varied between seasons. In chapter 3, the results of field 91 
experiment examining the effect of host deteriorational conditions and insect’s life-stage on 92 
host specificity were presented. In this result, higher host specificity and species richness in 93 
the older condition were confirmed. As a result, species estimation resulted in overestimation 94 
whereas the result of previous chapter was considerably underestimation. From this study, the 95 
important of the volatile for host specificity of ambrosia beetles in the same way as the other 96 
herbivore guilds with feeding live plant tissue, was recognized again. Furthermore, the 97 
decrease of host ranges along with insect’s life-stage was confirmed. It is suggests that the 98 
rearing process might be regulated by the decomposition process, i.e. the effect of fungi. In 99 
Chapter 4, to confirm the effect of the symbiotic fungi on host specificity of ambrosia beetle, 100 
the flora of fungi on ambrosia beetle galleries of 2 Xyleborini species, Xyleborinus 101 
7 
saxeseni(Ratzeburg) (Fig.1-7) and Xylosandrus germanus (Blandford) (Fig. 1-4) was 102 
examined based on the molecular analysis followed by the cultivation. The result showed 103 
host range of the fungi was narrower than that of ambrosia beetles of the gallery-founder, 104 
which suggests the limitation of the fungi to host specificity of ambrosia beetles and their 105 
success of rearing. Furthermore, the galleries of the older condition tend to rich in fungal 106 
species. Finally in general discussion, the factors examined in this thesis from biotic factors, 107 
such as guilds, host phylogeny, host physiological conditions and their symbiotic fungi to 108 
abiotic factor, such as seasonal variation of environment and elevational gradient are 109 
discussed on the basis of host specificity and the estimation of species richness of ambrosia 110 
and bark beetles in local assemblages. These results should be fruitful for forest-agriculture 111 
management, because the ambrosia and bark beetles are known to be a most influential forest 112 
pest in both temperate and also tropical forest worldwide (Six, 2013). Furthermore, the 113 
contribution of their symbiotic fungi to ambrosia beetles give us the clue to clarify the 114 
process to establish the novel host plant and expansion of geographic ranges, which are 115 
frequently reported on the earth (J Hulcr & Dunn, 2011). 116 
 117 
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Figure and Table 186 
 187 
Fig. 1-1 The galleries of Xyleborus seriatus Blandford on Quercus crispula Blume. 188 
 189 
 190 
Fig. 1-2 The gallery of Scolytoplatypus tycon Blandford on Meliosma Myriantha Sieb. et. 191 
Zucc. 192 
12 
 193 
 194 
 195 
Fig. 1-3 The progeny of Xylosandrus crassiusculus (Motschulsky) on Quercus crispula 196 
Blume. 197 
 198 
 199 
Fig. 1-4 The gallery of Xylosandrus germanus (Motschulsky) on Acanthopanax 200 
sciadophylloides Franch. et Savat. This species is one of the most famous 201 
ambrosia beetles for pest species. 202 
13 
 203 
Fig. 1-5 The gallery of bark beetle species, Hylesinus laticollis Blandford, on 204 
Prunus nipponica Matsumura 205 
 206 
 207 
Fig. 1-6 The gallery of bark beetle species, Coccotrypes nubilus (Blandford), on 208 
Prunus nipponica Matsumura 209 
 210 
 211 
Fig. 1-7 Ambrosia beetle species, Xyleborinus saxeseni (Ratzeburg). 212 
 213 
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Chapter 2 1 
The effect of host phylogeny on host specificity of bark and ambrosia 2 
beetles 3 
 4 
Abstract 5 
 6 
Understandings of the effect of host plant phylogeny on the structure of herbivore assemblage 7 
should be useful for estimating global species richness of herbivores. Here I test the 8 
relationship between host plant phylogeny and ambrosia and bark beetle assemblages 9 
including ambrosia beetle assemblage that has been considered to have the lowest host 10 
specificity among plant-dependent guilds. These results of local scale were used for 11 
estimating regional species richness by extrapolating to the number of Japanese plant order 12 
and species, and the estimated numbers were compared with the numbers of described 13 
species in Japan. Tree trunks of 17 plant species representing 17 orders of all major lineages 14 
of Japanese tree flora were exposed for collecting wood boring beetle species. A total of 12 15 
ambrosia and 4 bark beetle species was collected. Similarity of both ambrosia and bark beetle 16 
assemblages showed a significant negative trend with phylogenetic distance between focal 17 
host plant species. The regression model for this relationship was well fitted by linear model 18 
whereas previous study used semi-log model, which should suggest a difference in 19 
mechanism of host utilization with host taxonomic levels. In comparison between 20 
experimental researches, our result showed the broader host range of ambrosia beetle 21 
assemblage in temperate forest than that from the only comparable study in tropical rainforest. 22 
Species richness estimated is lower than the described species in Japan, suggesting more 23 
broader scale research.  24 
 25 
Keywords. Host specificity, ambrosia and bark beetle, host plant phylogeny, temperate mixed 26 
forest, species estimation27 
15 
 1 
Introduction  2 
 3 
Host specificity of herbivorous insects is the range of host plants they can utilize. The degree 4 
of host specificity of herbivorous insects, which ranges from monophagous (specialist) to 5 
polyphagous (generalist), has been associated with adaptive strategies toward host plants with 6 
variation in defensive capability, such as chemical compounds and physical traits (Ødegaard 7 
et al. 2005; Agrawal and Fishbein 2006; Agrawal 2007). Both the quality and the quantity of 8 
plant defence differ among plant parts (e.g., leaf or wood), which should influence the 9 
variation of host specificity among herbivore guilds that are classified according to their uses 10 
of plant parts. Host specificity of herbivorous insects is one of the key predictors of patterns 11 
of biodiversity (Novotny et al. 2002; Ødegaard et al. 2005) and has been widely used in 12 
calculating the local as well as global magnitude of species richness (Novotny et al. 2002; 13 
Novotny et al. 2012; Hamilton et al. 2010). Recent research in a tropical rainforests showed 14 
that the model using host specificity “plant model” is best for estimating the species richness 15 
of herbivore and even nonherbivore taxa among six models examined (Basset et al. 2012). 16 
These emphasize the importance of rigorous measurements of the host specificity for the 17 
biodiversity estimates. 18 
 Heretofore host specificity had been commonly measured by the host range that is 19 
the absolute measure of diet breadth such as the number of host plant species per herbivore 20 
species. On the other hand, recent researches have begun to show the relationship between 21 
phylogenetic distance of host plant species and the similarity of herbivorous assemblages 22 
(Ødegaard et al. 2005; Brändle and Brandl 2006; Hulcr et al. 2007; Gilbert and Webb 2007; 23 
Novotny et al. 2010). Unlike host range, the similarity of herbivorous assemblages is a 24 
relative measure of the difference in host selection between herbivore species (Ødegaard et al. 25 
16 
2005). This relative index enables the analysis of effects of host phylogenetic relatedness on 1 
host selection (Ødegaard et al. 2005; Weiblen et al. 2006; Novotny et al. 2010). Local host 2 
specificity of an herbivore is expected to be sensitive by phylogenetic equivalence of 3 
taxonomic ranks (e.g., species, genus and family) and the diversity of the available host plant 4 
species (Novotny et al. 2010; Weiblen et al. 2006). Thus, the inclusion of phylogenetic 5 
relatedness among host plant species is needed and should improve ecological estimates of 6 
local as well as global species richness of herbivores (Ødegaard et al. 2005).  7 
Despite such importance of the measurements of the host specificity for estimating 8 
global species diversity, only small numbers of guilds were used in the previous studies. 9 
Compare to the wealth of preceding studies on the folivore guilds that contain leaf chewer of 10 
the highest host specificity, any other herbivore guilds are poorly examined (Novotny et al. 11 
2010). More tangible data of host specificity of the guilds other than folivores are needed for 12 
improving ecological estimates of whole herbivores. Ambrosia and bark beetles are the insect 13 
guilds that utilize dying or dead plant materials, especially tree trunks. Ambrosia beetle guild 14 
shows the lowest host specificity among whole herbivore guilds (Novotny et al. 2010), 15 
although bark beetle guild shows relatively high host specificity. According to Novotny et al. 16 
(2010), ambrosia beetles are categorized as fungal chewing guild with mainly feeding on 17 
their symbiotic fungus cultivated inside the sapwood of dying or dead hosts. The bark beetles 18 
are categorized as phloem chewing guild because of mostly feeding on nutrient-rich phloem, 19 
despite that they occasionally forced to feed on fungi with living on weaken and decaying 20 
host trees (Six 2012). Because it is known that ambrosia beetles have evolved from 21 
herbivorous bark beetles multiple times (Farrell et al. 2001), this guild is treated as herbivore 22 
guild in a broader sense in the present study (Hulcr et al. 2007; Novotny et al. 2010). With 23 
these backgrounds, whether the host specificity of ambrosia beetles is meaningfully 24 
influenced by the host plant phylogeny is important, because this result suggests that 25 
17 
phylogenetically localized sampling should lead to a misestimation from a true value of 1 
species richness. 2 
However, previous studies on host specificity of ambrosia beetles were restricted to 3 
those depend on literature searches (Beaver 1979; Brändle and Brandl 2006) or experimental 4 
evidence with confusing result (Hulcr et al. 2007). Thus, an accurate local estimate of species 5 
richness of ambrosia beetles requires sampling from taxonomically broad range of hosts with 6 
considering taxonomic rank of host plants. In this study, host specificity of ambrosia and bark 7 
beetle assemblages among tree species was examined in a cool-temperate mixed forest and 8 
this result was compared with that of previous study in tropical rainforests (Hulcr et al. 2007). 9 
I also provide the validity of regional species richness estimated by using the result of host 10 
specificity comparing to described numbers of species in Japan. Furthermore, these results 11 
may offer an economic significance at the pest control. Many of ambrosia and bark beetle 12 
species are known as insect pest involved in tree diseases and causing considerable value loss 13 
to wood products (Alfaro et al. 2007; Hulcr and Dunn 2011). Our results of phylogenetic 14 
relatedness between hosts in these insect assemblages not only show the importance of 15 
phylogenetic diversity for estimating species richness using by the number of plant species, 16 
but also might offer the valuable information when I predict design of quarantine regulations 17 
in international trade of timbers and the wood products and risk analysis of invasive species 18 
(Gilbert, Magarey, Suiter, & Webb, 2012; Gilbert & Webb, 2007).  19 
 20 
 21 
Materials and methods 22 
Study area and plant species 23 
 24 
18 
The study was conducted in a mosaic of primary cool-temperate mixed forest of Tochimoto 1 
Tract, the University of Tokyo Chichibu Forest in central Japan (35° 54ʹ′ N, 138° 49ʹ′E). 2 
Primary forest is dominated by Fagus japonica, Fagus crenata or Tsuga sieboldii in lower 3 
altitudes and Tsuga diversifolia in higher altitudes (The University of Tokyo Chichibu Forest, 4 
2011). Average annual temperature during 1996-2010 is 11.0°C and average annual rainfall 5 
is 1514.2 mm at Tochimoto (The University of Tokyo Chichibu Forest 2011). 6 
 For the field experiment, 17 tree species from 17 orders were selected so that they 7 
were locally abundant, and represented all major lineages (at order level) of dicotyledonous 8 
plant species with an exception of one conifer (Tsuga diversifolia, Pinaceae) (Fig.2-1 and 9 
Table 2-1. This assemblage included 8 plant orders that overlap with the study by Hulcr et al. 10 
(2007) using 10 orders in tropical rainforests of Papua New Guinea. In this study, I followed 11 
the taxonomic nomenclature by Y-list (Yonekura and Kajita 2003) that support APGII.  12 
 13 
Insect sampling 14 
 15 
The study was conducted from 2011 to 2012. In 2011, every month from June to August, 16 
healthy tree individuals of 17 species were cut in Chichibu Forest and prepared as 17 
100-cm-long bolts for baits. The diameter of bolts ranged from 4.4 to 12.2 cm (7.6 ± 1.6, 18 
mean ± SD). The end sections of each bolt were coated with paraffin wax to prevent 19 
desiccation. These bolts were left on the forest floor in each of three elevations (1100m, 20 
1450m, and 1800m asl.) and exposed to insect attacks for about 80 days (76, 83, and 77 days 21 
for each month, respectively), while covered by coarse mesh net (16 mm × 16 mm of mesh 22 
size) to prevent deer grazing. In total, 27 bolts (3 months × 3 elevations × 3 replicates) were 23 
prepared for each tree species. In 2012, the condition of the experiment was the same as in 24 
2011 except as follows: healthy tree bolts of 17 species were exposed next to the bolts in the 25 
19 
middle of deteriorational conditions and for 104 days from 16 June. The diameter of bolts 1 
ranged from 3.8 to 14.5 cm (7.8 ± 2.4, mean ± SD). In total, 612 bolts, i.e. 17 species × 4 2 
months × 3 elevations × 3 replicates were used for the present study.  3 
After the exposure, the assemblage of ambrosia and bark beetle species in each bolt 4 
was determined by dissecting. All entry holes on the surface of the inner bark or that of 5 
phloem after debarking were marked and the beetle individuals within the holes were 6 
collected. The number of entry holes, which is equal to the number of galleries, was counted 7 
by matching the holes on inner bark and phloem. In this study, this number of entry holes was 8 
taken as a sampling unit. Insects under the bark were checked first, and then those in the 9 
sapwood were checked by breaking the bolts. Insects collected from each gallery were kept 10 
separately in a bottle with 70% ethanol. Thereafter, adults were pinned for further 11 
identification. The beetles were sorted into morphospecies and were subsequently identified 12 
to species by H. Goto (Forestry and Forest Products Research Institute, Kyushu, Japan). 13 
Ambrosia or bark beetle species were distinguished by references from the list of scolytine 14 
species (Kabe 1959; Nobuchi 1971; Hulcr and Smith 2010). Voucher specimens were 15 
deposited in the main campus of Chiba University.  16 
 17 
Data analysis 18 
 19 
The following analysis were carried out basically on the all data set (2010 + 2011) and a part 20 
of which was done only for 2011 data because of the different condition in sample size and 21 
duration of exposure between two years. 22 
For assessing whether samples include large part of rare species (see Hulcr et al. 23 
2007), the observed species richness was compared with the potential species richness 24 
estimated by the simulation implemented in the EstimateS 9 software (Colwell et al. 2012; 25 
20 
Fig. 2-2). Species incidence curves were derived from total number of scolytine species 1 
(composed of both ambrosia and bark beetle species) with each bolt using the Mao Tau 2 
function (an analytical analogue of a rarefaction curve derived from randomized resampling). 3 
The curve of the potential scolytine species richness without sampling bias was estimated 4 
using Chao 2 statistics based on the number of bolts in EstimateS 9, similarly. This estimator 5 
performs well for samples with a substantial proportion of rare species and with potentially 6 
many species not sampled (Colwell et al. 2004). Then, species incidence curves from 7 
observation were compared with that of Chao 2. Complete data including singletons which is 8 
the species only one entry hole was found throughout the present study were used for 9 
construction of the species accumulation curves. 10 
Generalized linear model (GLM) with Poisson distribution was used to search for 11 
the preference of beetle species to various factors. We designated abundance or species 12 
richness of insect (pooled by bolt as a unit) as the response variable, with exposed elevation 13 
(continuous variables), exposing date (continuous variables), host plant species that insect 14 
appeared (17 categories), the maximum diameter of the bolt (continuous variables), wood 15 
density of the bolt (continuous variables) as explanatory variables. Log function was used as 16 
the link function. We checked the Akaike information criteria (AIC) for selecting the best 17 
model by stepwise method (backward process). 18 
To estimate phylogenetic distances between plant species, phylogenetic 19 
relationships among targeted plant species (except Tsuga diversifolia) were reconstructed 20 
based on a dated angiosperm supertree using Phylocom (Webb et al. 2008) that contains the 21 
standalone version of Phylomatic (Davies et al. 2004). This tool joins the targeted species at 22 
the appropriate place to a larger phylogenetic tree, maintaining the branch lengths in the base 23 
tree, and prunes all intervening taxa. The result is an ultrametric tree with branch lengths 24 
reflecting estimated time between branching events. After making phylogenetic tree 25 
21 
composed of angiosperm species, Tsuga diversifolia was included in this tree as an outgroup 1 
at 190 MYA (Million Years Ago), according to the time of the gene duplication event that 2 
occurred near the split of extant gymnosperms and angiosperms (Jiao et al. 2011) and 3 
according to an analysis of morphological data containing fossils and molecular data (Bell et 4 
al. 2005). Pairwise phylogenetic distances between all plant species were calculated by the 5 
‘cophenetic’ function of R Statistical Software (R Development Core Team 2010) from 6 
newick file of phylogenetic tree data loaded by ‘read.tree’ function of the ‘ape’ package 7 
(Paradis et al. 2004).  8 
Pairwise similarities among beetle assemblages of each tree species were measured 9 
by the Jaccard index by quantifying the average proportion of shared species between 10 
assemblages. Chao–Jaccard index which provides robust results even for incomplete samples 11 
with numerous rare and unsampled species (Chao et al. 2005) were also calculated. 12 
Chao–Jaccard index was calculated on raw abundance data and estimated in R Statistical 13 
Software with the ‘vegdist’ function in the vegan package (Oksanen and Kindt 2007). 14 
Because these indexes calculate the dissimilarity among assemblages, I convert these to 15 
similarity by subtracting them from 1. Significance of the correlation between the similarity 16 
of beetle communities and the phylogenetic distance of their host plant species was tested by 17 
two-sided Mantel test (99,999 runs) by ‘mantel’ function in the ‘ecodist’ package.  18 
To reduce the bias in calculating the similarity, the data on beetle assemblages were 19 
standardized by excluding singletons. This procedure of excluding singletons was also 20 
applied to the calculations of number of host species and species richness per host. According 21 
to Novotny et al. (2010), less informative records were excluded from the analysis. Singleton 22 
species and the single plant-insect interaction, i.e. the interaction between  species and  23 
plant species based one indiviulal, were excluded. Furthermore, because of the specific beetle 24 
22 
fauna on conifer tree species (Brändle & Brandl, 2006), the procedure excluding the results 1 
from conifer species was also tried. 2 
The total theoretical species richness of both ambrosia and bark beetles in Japan 3 
was estimated first by the species-accumulation curves of Mao Tau function from 4 to 17 4 
plant species. Second, using this curves with a power function, species richness were 5 
extrapolated based on the number of plant order and species described in Japan with being 6 
tallied based on Japanese flora of the approximate number of woody plants (Satake et al. 7 
1989) with the recalculation following the APG III classification system (Bremer et al. 2009). 8 
For both ambrosia and bark beetles, complete data including singletons were used for 9 
construction of the species accumulation curves. The effective specialization, i.e. the 10 
proportion of herbivorous species feeding on a particular host plant that was unique, was 11 
estimated as F = Sp ⁄ Tph, i.e. as the ratio of the total number of herbivorous species found on 12 
all hosts studied (Sp) divided by the number of trophic interactions involving these hosts 13 
(Tph) (May and Beverton 1990). This index is closed to 1 with increasing monophagy in the 14 
assemblage and to 0 with increasing polyphagy. In this index, singletons were also excluded 15 
from analysis.  16 
 17 
 18 
Results 19 
 20 
From the results of 2011, 12 ambrosia beetle and 4 bark beetle species were sampled from 21 
437 holes in the 459 bolts (17 species × 3 months × 3 elevations × 3 replicates), (Table 2-2). 22 
For ambrosia beetle, the number of species obtained at 1100m, 1450m and 1800m was 11, 5 23 
and 2, respectively. For bark beetle, these were 2, 1 and 1, respectively. The ambrosia beetle 24 
assemblage clearly showed a nested pattern in the host plant association with altitude (Table 25 
23 
2-2). The species accumulation curve for complete data containing singletons has almost 1 
reached the Chao 2 estimate of the total number of species in 2011 (Fig. 2-2), which suggests 2 
that samples include large part of rare species was enough to analysis. However there was 3 
some difficulty to confirm whether or not the species accumulation curve for the entire data 4 
set including the data from 2012 reached an asymptote. Regardless of one-third of sampling 5 
bolts in 2012 compared with 2011, 18 ambrosia beetle and 2 bark beetle species were 6 
sampled from 3281 holes in the 153 bolts, whereas 12 ambrosia beetle and 4 bark beetle 7 
species in 2011. The number of species obtained at 1100m, 1450m and 1800m was 12, 8 and 8 
8 species for ambrosia beetle and 2, 2 and 2 species for bark beetle, respectively. 9 
Elevationally nested pattern for ambrosia beetles was confirmed from data obtained in 2011 10 
and the entire data set although the species with a few individuals was out of the nested 11 
pattern (Table 2-2). For bark beetles, species richness in 2012 was 2 species whereas species 12 
richness in 2011 was 4 species. Their appearance pattern of bark beetles was restricted to 13 
specific elevation in 2011. Although the pattern was partly loose in 2012, the center of 14 
gravity of abundance was retained.  15 
In ambrosia beetles, the number of host plant species per beetle species ranged 16 
from 1 to 13 with the average number of species being 6.1 in 2011(2-3). The average number 17 
of species was 4.9 in 2012, and was 6.0 for the sum of the two years result. The species with 18 
broadest host range (i.e. 13) was Xyleborinus saxeseni with 69 holes in 2011 but was 19 
Xyleborinus germanus in 2012, which was appeared in 14 plant species. There was only 20 
monophagous ambrosia beetle species; Scolytoplatypus shogun with 2 holes from Acer 21 
micranthum (Sapindales) but this species was also appeared in Tsuga diversifolia in 2012. In 22 
addition, 2 ambrosia species also appeared to be monophagous but were collected only as 23 
singletons, and thus partly excluded from the analysis of host specificity in 2011 (Table 2-2). 24 
Average species richness per host was 4.5 for ambrosia beetles in 2011, which did not differ 25 
24 
from that in 2012. In bark beetle species, the average number of host plant species being 2.0 1 
in 2011 and 3.5 in 2012 (Table 2-3). Only Coccotrypes nubilus was polyphagous species with 2 
the abundance of 12 holes from 5 host plant species in 2011 and 91 holes from 6 host plant 3 
species in 2012, which pushed up the average number of host plant for bark beetles. Average 4 
species richness per host was 0.7 in 2011 and 1.2 in 2012, respectively. 5 
In GLM and subsequent model selection procedure for the beetle abundance, the 6 
model with exposing date, wood density of the bolt, exposed elevation and host plant species 7 
as the explanatory variables was selected as the best model (Table 2-4). In the selected model, 8 
wood density (coefficient = 2.33, p < 0.001) had the strongest effects on the abundance. On 9 
the other hand for the species richness, the model with exposing date, exposed elevation and 10 
host plant species was selected as the best model (Table 2-4). Exposing date had positive 11 
effects on both the abundance (coefficient = 0.07, p < 0.001) and the species richness 12 
(coefficient = 0.05, p < 0.001) in the best models. 13 
From data obtained in 2011, both Jaccard and Chao–Jaccard similarity indexes 14 
between beetle assemblages significantly decreased with the phylogenetic distance of their 15 
host plant species (Table 2-5) in ambrosia beetles (r = -0.579, P = 0.001 for Jaccard index, 16 
Fig. 2-3 and r = -0.492, P = 0.03 for Chao–Jaccard index, Fig. 2-4 by Mantel test) and bark 17 
beetles (r = -0.637, P = 0.04 and r = -0.612, P = 0.04, respectively). Although, from all data 18 
containing data obtained in 2012, there was no significance in both ambrosia beetle (r = -0.16, 19 
p = 0.40 for Jaccard index and r = 0.16, p = 0.31 for Chao–Jaccard index) and bark beetles (r 20 
= -0.13, p = 0.73 and r = -0.47, p = 0.16, respectively), broad-leaf species still have slightly 21 
effect on the beetle assemblages (r = -0.44, p = 0.05 in ambrosia beetles and r = -0.41, p = 22 
0.06 for Jaccard index, Table 2-5). On bark beetles, the effect of phylogenetic distance were 23 
also confirmed by the other procedures of reducing the sampling bias, i.e., excluding the 24 
25 
single plant-insect interactions (r = -0.64, p = 0.02 for Jaccard index and r = -0.56, p = 0.04 1 
for Chao–Jaccard index, respectively, Table 2-6). 2 
The estimated number of species from the extrapolation based on the number of 3 
plant order and plant species were 16 and 49 for ambrosia beetles, and 7 and 81 for bark 4 
beetles in 2011, respectively (Fig. 2-5). From all data, on the other hand, the estimated 5 
number of species extrapolated from plant order and species from all data were 25 and 77 for 6 
ambrosia beetles, and 7 and 75 for bark beetles, respectively. The effective specialization of 7 
herbivorous species (F) of ambrosia beetle guild was 0.16 and bark beetle guild was 0.5 in 8 
2011 whereas 0.26 and 0.44 in 2012, respectively. 9 
 10 
 11 
Discussion 12 
 13 
For ambrosia beetle species, the mean host range shown in this study (6.0 ± 1.5, mean ± SE, 14 
Table 2-3) from the all data was broader than that reported in the study (3.76, mean) by Hulcr 15 
et al. (2007). By examining the gradient in host specificity with latitudinal cline, Beaver 16 
(1979) suggested that the ambrosia beetle species, unlike other herbivore guilds, were less 17 
host-specific in the tropical rainforest than temperate forest. The present study showed that 18 
the host range of ambrosia beetles in temperate forest is broader than those in tropical 19 
rainforest. On the other hand, species richness of ambrosia beetles per host in our study (4.4 ± 20 
0.5, means ± SE) was significantly lower than that in Hulcr et al. (2007) (12.8 ± 1.9, V. 21 
Novotny personal communication as a co-author). Furthermore, the degree of effective 22 
specialization was lower than the value in previous study in tropics (Novotny et al. 2010). 23 
These results suggest that α-diversity per host plant species in temperate forest is lower than 24 
that in tropical rainforest with relatively large number of generalist being present in temperate 25 
26 
forest. Including the lower diversity of host plant species in temperate forests than tropical 1 
rainforests (Fischer 1960; Macarthur 1972), all of these factors should contribute to the lower 2 
local diversity of ambrosia beetle species in temperate forests.  3 
For bark beetle assemblage, host range was within the range of variation (standard 4 
deviation) of the result of Novotny et al. (2010) in tropical rainforest, which suggests that 5 
host specificity of bark beetle assemblage between temperate and tropical rainforests is 6 
similar. However, our conclusions are based on only 4 species, and further study on the 7 
susceptible range of host plant species and /or inclusion of geographical variation is needed 8 
for a confirmation of these tentative results.  9 
The effect of plant phylogeny on the replacement of composition of ambrosia 10 
beetle species among host plant species was also evident: similarity of the assemblages on 11 
plant species showed significant negative trend with host phylogenetic distance in accordance 12 
with the previous result (Novotny et al. 2010). Although, the result containing data obtained 13 
in 2012 showed no significant trend, the existence of broad-leaf species were stably affected 14 
the trend of similarity, which was showed in the relationship between the Jaccard’s similarity 15 
and the host phylogenetic distance which used only angiosperms from data obtained in 2011 16 
and combined data with data of 2012 (Fig. 2-5). The existence of coniferous species unstably 17 
affected the trend of similarity in between 2011 and 2012 (see Fig. 2-3, Fig. 2-4 and Table 18 
2-5): the existence of Tsuga diversifolia had weaken the effect of plant phylogeny on beetle 19 
assemblages in 2012. Angiosperms is main host of ambrosia beetles and regarded as the 20 
contributor of their speciation from bark beetles which used gymnosperms as their main host 21 
(Farrell & O’Meara 2001; Marvaldi, Sequeira, O’Brien, & Farrell, 2002). It is also known 22 
that some ambrosia beetles shifts back to gymnosperms after diversification (Marvaldi et al, 23 
2002). The present result, which showed the clear effect of angiosperms and the ambiguous 24 
27 
effect of gymnosperms on the host specificity of ambrosia beetles, might support their 1 
ancestral history.  2 
Novotny et al. (2012) which shares a lot of focal plant taxa at order level with the 3 
present study (see Table 2-1) showed the significant effect of plant phylogeny from the same 4 
data but used the similarity measured by Jaccard index which is based on species incidence 5 
(i.e., presence/absence) data. As Hulcr et al. (2007) pointed out, bark and ambrosia beetles 6 
uses species-specific chemical compounds for searching their suitable host and mate, which 7 
could cause pseudo-replicated distribution of their abundance among individual bolts. The 8 
result from Jaccard similarity that is robust against abundance might be able to catch the 9 
effect of host phylogeny. The other notable difference is that Hulcr's study sampled during 3 10 
seasons (2002-2005) with the same size sampling, whereas our study sampled in 2 season of 11 
full size sampling in 2011 and a third part of sample size in 2012. In fact, the season could be 12 
one of the critical factors on host specificity of both bark and ambrosia beetles because of the 13 
results that the abundance of both beetles in 2012 is 3.7 times as abundant as that of 2011 14 
with the greatly increase of the number of polyphagous species, regardless to the less sample 15 
size in 2011. For example, the broadest host range species of bark beetles was Coccotrypes 16 
nubilus and its abundance increased from 12 (32%, the rate in the guild) to 79 (68%) during 17 
2011-2012, whereas species richness of the guild in 2012 was half times as that of 2011 18 
(Table 2-3). As a consequence, the effect of plant phylogeny on host specificity of bark 19 
beetles was low reliability and dependent on only one interaction between Tsuga diversifolia 20 
of coniferous species and C. nubilus in all data (see Table 2-6, excluding single interaction). 21 
For ambrosia beetles, although species richness was increased from 12 to 19, abundances of 22 
species of the broadest host range in 2011 (Xyleborinus saxeseni) and in 2012 (Xylosandrus 23 
germanus) also increased from 69 (17%) to 771 (53%). These changes suggest that data 24 
obtained in 2011 and 2012 was compositionally different and the season is the important 25 
28 
factor for host specificity. These methodological differences above influence the effect of 1 
plant phylogeny on similarity of bark and ambrosia beetle assemblages. However, even under 2 
these circumstances, because none of the published studies other than Hulcr's one are found 3 
on bark and ambrosia species comparable with our study, thus I present the results on the 4 
comparison with the study. 5 
In the present study, the relationship between phylogenetic distance and similarity 6 
between assemblages was described as linear. On the other hand, previous studies had shown 7 
nonlinear relationships (Ødegaard et al. 2005; Novotny et al. 2010). For example, Ødegaard 8 
et al. (2005) carried out their analysis by fitting nonlinear regression model (semi log-model). 9 
Novotny et al. (2010) also showed significant negative trend by the semi log-model (note that 10 
the axis of the phylogenetic distance in their article is logarithmic expression). In our case, 11 
however, simple regression model was well fitted on the assemblage data at orders levels of 12 
host plant. The reason why the semi log-models explained more of the variance than simple 13 
linear models might be the extremely unbalanced high similarity at inter-genus levels in the 14 
previous studies. On this basis, Ødegaard et al. (2005) mentioned that the most recent 15 
taxonomic branching events are most important for host utilization among herbivores. As 16 
Anderson et al. (2011) recommended in the context of β-diversity (spatial replacement of 17 
species), the comparison of the rate of turnover among assemblages would provide effective 18 
tools for understanding the meaning and the effect of the gradient examined (Anderson et al. 19 
2011). The detection of the inflection point of the relationship between the phylogenetic 20 
distance and similarity among assemblages and the causes of this inflection might be 21 
important to understand the evolutionary trajectory of herbivore diversifications.  22 
Although the significant relationship between host phylogenetic distance and the 23 
similarity between both ambrosia and bark beetle assemblages gives validity to some degree 24 
for estimation of species richness using the number of the plant species examined, the 25 
29 
estimated numbers of species by the extrapolation based on the number of Japanese plant 1 
order (16 ambrosia and 7 bark beetle species, respectively) and species (49 ambrosia and 81 2 
bark beetle species) using data obtain in 2011 were far less than currently described numbers 3 
of species in Japan (see Fig. 2-5). These results of underestimation still remain even if using 4 
the two-year’s data. According to the list of Japanese Scolytidae and Platypodidae (Goto 5 
2009) and the references of ambrosia and bark beetles (Kabe 1959; Hulcr and Smith 2010), 6 
119 species of ambrosia beetles and 201 species of bark beetles are described. Our results 7 
with considerable underestimation clearly suggest the effects of the other factors not 8 
examined in the present study. Especially, host physiological conditions and geographical 9 
gradient (β-diversity), e.g., altitudinal and latitudinal gradient, and landscape heterogeneity 10 
(Novotny et al. 2012; Rosenzweig 1995) should be taking into account for explaining the gap 11 
between the estimated and described species richness. In fact, GLM analysis suggested that 12 
the exposing date was also effectible on species richness (Table 2-4), which suggests the 13 
deteriorational conditions of woody tissue affect on host specificity of bark and ambrosia 14 
beetles. This effect was examined in the following chapter. On the other hand, In regard to 15 
the elevation, I controlled the factor in this study but did not estimate species accumulation 16 
curves by considering each elevation separately, because the structure of ambrosia beetle 17 
assemblages was highly nested based on lower elevation to higher ones (Table 2-2). For bark 18 
beetle assemblage, there were too few species to draw species accumulation curves for each 19 
elevation, but the trend of higher specificity to different elevations requests the continuous 20 
examination on the altitudinal factor. Whether or not the pattern was nested should have a 21 
relationship with their radiation to humidity and temperatures in ambrosia beetle and bark 22 
beetle (Atkinson and Equihua-Martinez 1986; Hoffstetter et al. 2007; Farrell et al. 2001; Six 23 
2012). On the other hand, with regard to the geographical heterogeneities from the subarctic 24 
to the subtropics, the relative abundance of each plant species is decreasing with the 25 
30 
increasing distance from suitable site for regeneration. In these condition in Japan, it is 1 
difficult in one study site to take a sufficient sample from plant species that are locally less 2 
abundant, because the abundance of bark and ambrosia beetle species is correlated with 3 
resource availability of host plant species (Bussler et al. 2011) and some species prefer larger 4 
size tree individuals (Amman 1977, Hijii et al. 1991). Furthermore, although our survey only 5 
focused on the variation of assemblage in order level of host plants only, more complex 6 
pattern at the lower taxonomic levels (e.g., co-ordinal, confamilial and congeneric) is 7 
expected. In fact, compare to the ratios of the numbers of described species between 8 
ambrosia and bark beetle, which were 37% and 63%, the expected ratios by extrapolation 9 
based on the number of Japanese plant species were more closer than those based on 10 
Japanese plant order  as shown in Figure 2-5. As suggested by Novotny et al. (2012), this 11 
result does not directly show herbivore species richness for large floras, but species richness 12 
of plant dependent insect for Japanese floras, but suggests that host plant phylogeny of lower 13 
taxonomic level, such as difference between plant species has an effect on the evolution of 14 
the herbivore species of even the lowest host plant specificity. 15 
 The other critical factor affecting host plant selection by ambrosia beetle may be 16 
their symbiotic fungi (Belmain et al. 2002; Hulcr and Dunn 2011). Species composition of 17 
symbiotic fungi should be also examined to understand host plant range of ambrosia beetle 18 
species. Recently, Hulcr et al. (2011) reported that the expansion of the damage to wood 19 
products by some invasive ambrosia beetles is related to the increased probability of novel 20 
combinations between ambrosia beetle and their symbiotic fungi by the increase of remote 21 
artificial migration of beetles through commercial timber trade. So it is just conceivable that 22 
broadening of host-plant range of ambrosia beetles with latitude gradient is reflected on 23 
redundancy in symbiotic fungi used by ambrosia beetles (Roe et al. 2011). Because these 24 
symbiotic fungi are known to decrease their metabolic activity with decreasing temperature 25 
31 
(Hofstetter et al. 2007), it is reasonable that the redundancy of symbiont was lower in higher 1 
latitude. In fact, species richness of ambrosia beetles was elevationally nested with species 2 
rich in low elevation (Table 2-2). Therefore the examination of these three components, i.e. 3 
ambrosia and bark-beetles, host plant and their symbiotic fungi, with environmental gradients 4 
would be required for the understanding of holistic image of host selection. Furthermore this 5 
knowledge would provide not only quantitative information for analysing agricultural 6 
impacts when the insect species invade unnatural habitat, but also the insights for the 7 
regulation of host range with showing the possibility of host shifts and the identification of 8 
alternative hosts. 9 
 10 
 11 
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Table and Figure 
Table 2-1 The focal plant species in this study. Order was compliant based on APG III classification system. Wood densities (g cm–3) are 
averages from 27 bolts per species. Species with round stamp were overlapped with those examined by Hulcr et al. (2007) at order level. 
Species Family Order Wood density Hulcr et al. (2007) 
Tsuga diversifolia (Maxim.) Mast. Pinaceae Coniferae 0.95 - 
Salix bakko Kimura Salicaceae Malpighiales 0.74 ¡ 
Fagus japonica Maxim. Fagaceae Fagales 0.92 - 
Magnolia obovata Thunb. Magnoliaceae Magnoliales 0.78 ¡ 
Trochodendron aralioides Siebold et Zucc. Trochodendraceae Trochodendrales 0.96 - 
Euptelea polyandra Siebold et Zucc. Eupteleaceae Ranunculales 0.89 - 
Cercidiphyllum japonicum Siebold et Zucc. ex Hoffm. et Schult. Cercidiphyllaceae Saxifragales 0.84 - 
Pieris japonica (Thunb.) D.Don ex G.Don subsp. Japonica Ericaceae Ericales 0.86 ¡ 
Prunus nipponica Matsum. Rosaceae Rosales 0.91 ¡ 
Acer micranthum Siebold et Zucc. Sapindaceae Sapindales 0.76 ¡ 
Meliosma myriantha Siebold et Zucc. Sabiaceae Basaleudicot 0.87 - 
Ilex macropoda Miq. Aquifoliaceae Aquifoliales 0.89 - 
Swida controversa (Hemsl. ex Prain) Soják Cornaceae Cornales 0.88 - 
Acanthopanax sciadophylloides Franch. et Sav. Araliaceae Apiales 0.73 - 
Fraxinus lanuginosa Koidz. f. lanuginosa Araliaceae Lamiales 0.86 ¡ 
Wisteria floribunda (Willd.) DC. Leguminosae Fabales 0.6 ¡ 
Tilia japonica (Miq.) Simonk. Malvaceae Malvales 0.66 ¡ 
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Table 2-2 List of species of ambrosia and bark beetles examined in the present study. The host range and elevations at which they were obtained 
were also shown. Round stumps showed the presence of the species at the elevation. Platypus modestus Blandford and Scolytoplatypus mikado 
Blandford were excluded from the analysis of host specificity because of the singletons. 
Guild Subfamily Tribe Species 
Host range 
ABD 
2011 2012 
2011 2012 1100m 1450m 1800m 1100m 1450m 1800m 
Ambrosia beetle  Platypodidae Platypodini Platypus severini Blandford 2 9 4 0 0 26 0 0 
(Fungal chewers) Platypodidae Platypodini Platypus modestus Blandford 1 8 1 0 0 41 23 3 
 Xyloterini Trypodendron Trypodendron proximum (Niisima) 0 1 0 0 0 0 4 0 
 Scolytinae Scolytoplatypodini Scolytoplatypus mikado Blandford 1 
1 1 0 0 0 0 0 
 Scolytinae Scolytoplatypodini Scolytoplatypus shogun Blandford 1 
1 0 2 0 0 0 1 
 Scolytinae Scolytoplatypodini Scolytoplatypus tycon Blandford 0 
1 0 0 0 0 0 34 
 Scolytinae Scolytoplatypodini Scolytoplatypus daimio Blandford 0 1 0 0 0 0 0 7 
 Scolytinae Xyleborini Ambrosiodmus lewisi (Blandford) 3 7 4 0 0 9 0 0 
 Scolytinae Xyleborini Ambrosiodmus rubricollis (Eichhoff) 4 2 5 0 0 3 0 0 
 Scolytinae Xyleborini Xyleborus sp. 1* 0 1 0 0 0 0 1 0 
 Scolytinae Xyleborini Xyleborus sp. 4* 0 1 0 0 0 0 1 0 
 Scolytinae Xyleborini Xyleborus sp. 5 0 3 0 0 0 6 0 0 
 Scolytinae Xyleborini Xyleborus sp. 6* 0 1 0 0 0 1 0 0 
 Scolytinae Xyleborini Xyleborus minutus Blandford 5 5 10 0 0 12 3 1 
 Scolytinae Xyleborini Xyleborus seriatus Blandford 7 3 26 5 0 32 197 4 
 Scolytinae Xyleborini Xylosandrus crassiusculus (Motschulsky) 12 
7 180 3 0 41 60 0 
 Scolytinae Xyleborini Xylosandrus germanus (Blandford) 12 
14 58 32 1 62 695 14 
 Scolytinae Xyleborini Xyleborinus saxeseni (Ratzeburg) 13 
11 60 8 1 78 82 8 
 Scolytinae Xyleborini Xyleborinus attenuatus (Blandford) 2 4 2 0 0 7 0 0 
Bark beetle  Scolytidae Hylesinini Hylesinus laticollis Blandford 1 1 22 0 0 0 0 0 
(Phloem chewers) Scolytinae Dryocoetini Cyrtogenius brevior (Eggers) 1 1 2 0 0 25 12 1 
 Scolytinae Dryocoetini Coccotrypes nubilus (Blandford) 5 
6 0 12 0 35 42 2 
  Scolytinae Dryocoetini Dryocoetes hectographus Reitter 1 0 0 0 2 0 0 0 
* species excluded from the analysis because of the small sample sizes
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Table 2-3 Results of generalized linear models (GLMs) for the factors affecting (i) abundance and (ii) 1 
species richness for insect beetles. Poisson distribution and log link function were used in the models. 2 
The models with the fewest AIC were selected as the best models.  3 
 4 
(i) Abundance   Coefficient 
Std. 
Error 
z value 
(Wald-test)   
Intercept 
 
-4.6 0.42 <0.0001 *** 
Exposing date 
 
0.07 0.00 <0.0001 *** 
Density 
 
2.33 0.24 <0.0001 *** 
Exposing elevation 
 
-0.002 0.00013 <0.0001 *** 
Host Pieris japonica -16.76 300.04 0.955 
 
 
Meliosma myriantha -1.18 0.20 <0.0001 *** 
 
Fagus japonica 0.43 0.14 0.002 ** 
 
Cercidiphyllum japonicum -0.19 0.15 0.214 
 
 
Fraxinus lanuginosa -1.23 0.21 <0.0001 *** 
 
Acanthopanax sciadophylloides -0.15 0.18 0.414 
 
 
Acer micranthum 1.03 0.12 <0.0001 *** 
 
Tsuga diversifolia -0.18 0.15 0.229 
 
 
Tilia japonica -1.49 0.30 <0.0001 *** 
 
Prunus nipponica -0.68 0.17 <0.0001 *** 
 
Salix bakko -0.63 0.21 0.002 ** 
 
Euptelea polyandra -1.81 0.29 <0.0001 *** 
 
Wisteria floribunda -0.68 0.22 0.002 ** 
 
Magnolia obovata -2.27 0.35 <0.0001 *** 
 
Swida controversa 0.03 0.15 0.819 
  Trochodendron aralioides -3.67 0.59 <0.0001 *** 
 5 
(ii) Species richness   Coefficient 
Std. 
Error 
z value 
(Wald-test)   
(Intercept) 
 
-0.582 0.563 0.301 
 Exposing date 
 
0.048 0.004 <0.0001 *** 
Exposing elevation 
 
-0.003 0.004 <0.0001 *** 
Host plant species Pieris japonica -17.554 819.93 9.83E-01 
 
 
Meliosma myriantha -2.442 0.737 <0.001 *** 
 
Fagus japonica 0.602 0.259 0.02 * 
 
Cercidiphyllum japonicum 0.083 0.289 0.773 
 
 
Fraxinus lanuginosa -0.363 0.326 0.265 
 
 
Acanthopanax sciadophylloides -0.191 0.31 0.538 
 
 
Acer micranthum 0.559 0.244 0.022 * 
 
Tsuga diversifolia -0.302 0.32 0.345 
 
 
Tilia japonica -0.833 0.379 0.028 * 
 
Prunus nipponica 0.000 0.295 1 
 
 
Salix bakko -0.07 0.302 0.817 
 
 
Euptelea polyandra -0.938 0.393 0.017 * 
 
Wisteria floribunda -0.938 0.393 0.017 * 
 
Magnolia obovata -1.19 0.432 0.006 ** 
 
Swida controversa 0.361 0.272 0.184 
  Trochodendron aralioides -2.037 0.614 <0.001 *** 
The marks means >.05 * , >.01** , >.001***, respectively. 6 
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Table 2-4 Mean number of host plant species, Mean species richness per host and the effective specialization, F of the both ambrosia 1 
and bark beetle assemblages. The brackets were SE.  2 
  Mean number of host range Mean species richness per host Effective specialization 
  2011 2012 all 2011 2012 all 2011 2012 all 
Ambrosia beetle 6.1 ± 1.5 4.9 ± 1.0 6.0 ± 1.2 4.5 ± 0.6 4.9 ± 0.7 6.4 ± 0.7 0.16 0.21 0.26 
Bark beetle 2.0 ± 1.0 3.5 ± 2.5 2.3 ± 1.3 0.7 ± 0.2 1.2 ± 0.2 1.3 ± 0.2 0.5 0.29 0.44 
 3 
Table 2-5 The correlation matrix of plant phylogenetic distance and the similarity of ambrosia and bark beetles. r is Pearson correlation 4 
coefficient. p-value was derived from two-sided mantel test and the result was shown as follows; >.06 † ,>.05 * , >.01** , >.001***, 5 
respectively. 6 
  
Ambrosia beetle 
 
Bark beetle 
  
2011 2012 all 
 
2011 2012 all 
Jaccard Index All Plant species -0.57*** -0.12 -0.16 
 
-0.64* 0.1 -0.13 
 
Broad leaf -0.47** -0.19 -0.44† 
 
-0.41† -0.52 -0.41† 
Chao-Jaccard Index All Plant species -0.49* -0.06 -0.16 
 
-0.61* -0.63 -0.47 
 
Broad leaf -0.23 -0.14 -0.31 
 
-0.48† -0.01 -0.33 
 
 7 
Table 2-6  The correlation matrix of plant phylogenetic distance and the similarity of ambrosia and bark beetles from all data with procedures 8 
for reducing the sampling bias by excluding the single interaction and insect species appeared in a single bolt. r is Pearson correlation coefficient. 9 
p-value was derived from two-sided mantel test and the result was shown as follows; >.06 † ,>.05 * , >.01** , >.001***, respectively. 10 
  
Ambrosia beetle   Bark beetle   
Jaccard Index Excluding single interaction -0.20 -0.64* 
 
Excluding single tree -0.05 -0.64* 
Chao-Jaccard Index Excluding single interaction -0.18 -0.56* 
  Excluding single tree -0.16 -0.56* 
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 1 
Fig. 2-1. Phylogeny of focal plant species derived mainly from the dated angiosperm 2 
supertree (Davies et al., 2004) except Tsuga diversifolia of gymnosperm that was inserted 3 
into the outside of this tree, according to Jiao et al. (2011) and Bell et al. (2005). 4 
43 
0
5
10
15
20
0 100 200 300 400
No
. o
f b
ee
tle
 sp
ec
ies
No. of bolts
Sp. accumulration
Upper & lower CI
Chao 2
(a)
0
5
10
15
20
25
30
0 100 200 300 400 500 600
No
. o
f b
ee
tle
 sp
ec
ies
No. of bolts
Sp. accumulration
Upper & lower CI
Chao 2
(b)
 1 
Fig. 2-2. Species accumulation and an estimate of total species richness calculated by using 2 
only data obtained in 2011 (a) and both two years data (b). Complete data for all ambrosia 3 
and bark beetle species and all 17 plant orders were included. Solid line was species 4 
accumulation curve derived analytically and thin dotted lines around solid line were 95% 5 
confidence intervals. Dashed line with dotted was Chao 2 estimate of the total number of 6 
species. 7 
8 
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Fig. 2-3. Plant phylogenetic distance and the Jaccard similarity of ambrosia and bark beetle 3 
assemblage. In 2011, The relationship was significant in ambrosia beetle assemblage (a, 4 
Pearson r = -0.579, P = 0.001, two-sided Mantel test) and in bark beetle assemblage (b, r = 5 
-0.637, P = 0.04), whereas in two years including 2012 was not significant,in ambrosia beetle 6 
assemblage (c, r = -0.16, P = 0.40) and in bark beetle assemblage (d, r = -0.13, P = 0.73). 7 
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Fig. 2-4. Plant phylogenetic distance and the Chao–Jaccard similarity of ambrosia and bark 3 
beetle assemblage. The relationship was significant in ambrosia beetle assemblage (a, 4 
Pearson r = -0.492, P = 0.03, two-sided Mantel test) and in bark beetle assemblage (b, r = 5 
-0.612, P = 0.04), whereas in two years including 2012 was not significant,in ambrosia beetle 6 
assemblage (c, r = -0.16, P = 0.32) and in bark beetle assemblage (d, r = -0.47, P = 0.17). 7 
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Fig. 2-5. Species accumulation curve of ambrosia and bark beetle assemblages. The Mao Tau 2 
species-accumulation curves are shown from the results of the average herbivore species on 3 
4–17 plant species (4-17 plant orders, equally), and extrapolated to the number of plant 4 
species and order in Japan, using power functions. After extrapolation to 40 plant orders (a, 5 
c) 1500 plant species (b, d) in Japan, the estimated number of ambrosia and bark beetle 6 
species in Japan is 16 and 7 (by plant orders, a) and 49 and 81 (by plant species, b) in 2011. 7 
On the other hand, the estimated number of ambrosia and bark beetle species is 25 and 7 (by 8 
plant orders, c) and 77 and 75 (by plant species, d), respectively from all data. 9 
 10 
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Chapter 3 1 
The effect of host deteriorational-conditions on the host specificity of 2 
ambrosia and bark beetles 3 
 4 
Introduction 5 
 6 
In the previous chapter, the effects of various factors, such as elevational gradient as abiotic 7 
factor and host plant phylogeny and density of wood tissue as biotic factors on the diversity 8 
of bark and ambrosia beetle guilds (Curculionidae: Scolytinae and Platypodinae) were 9 
examined. It is confirmed that the difference in species richness and host range between the 10 
guilds, especially the broadest-host range of ambrosia beetles, could offer the valuable 11 
information for host specificity of herbivore insects that is majorly occupied by the research 12 
of leaf-chewing guilds. However, the result of Chapter 2 for species estimation using host 13 
specificity was highly underestimation. Host specificity is the result of the evolutional 14 
consequence of herbivore insects. Herbivore diversity is also dependent on the adaptation 15 
against the specific defense on their food habitat (Barrett & Heil, 2012; Rasmann & Agrawal, 16 
2011), such as the the xylophagous guilds against woody lignin (Geib et al., 2008; 17 
Morgenstern, Klopman, & Hibbett, 2008; Wainhouse, Cross, & Howell, 1990). Therefore, 18 
their variation in food habits would be the important factor for host specificity and species 19 
richness. 20 
For bark and ambrosia beetles (Curculionidae: Scolytinae and Platypodinae), host 21 
specificity can vary with the physiological change of woody tissue because they utilize it 22 
mainly under deteriorational conditions, such as the stressed, dying and dead phase. Under 23 
deteriorational conditions, biochemical compounds that are an important key of host 24 
specificity for many herbivore (Becerra et al., 1997; Ehrlich & Raven, 1964) are emitted by 25 
woody plant. For example, Kelsey (1994) showed that ethanol emitted from stressed- or 26 
decaying- woody tissues (Pseudotsuga menziesii (Mirb.)) increased along with the dates from 27 
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felling. This was synchronized with the increasing attacks of ambrosia beetles. Woody plant 1 
species volatize various combination of monoterpenes constitutionally and ethanol 2 
additionally under stressed and decaying conditions (Kelsey, 2001; Schlyter, 2004). The 3 
composition of these chemicals shifts as deterioration proceeds, which affect the assemblage 4 
of bark and ambrosia beetles attracted to the woods (Lindelöw, Risberg, & Sjödin, 1992; 5 
Sjödin, Schroeder, Eidmann, Norin, & Wold, 1989).  6 
The important aspects for the bark and ambrosia beetles are that the feeding habits 7 
of this group are not only regulated by the change of host plant tissue like herbivore, but also 8 
simultaneously dependent on their symbiotic fungi. Because of this, it is difficult to judge 9 
what extent host specificity of their guilds are dependent on host plant or fungi. For the 10 
herbivorous insects, it is necessary to go through a process from recognizing plant as host to 11 
exploiting it successfully (Pearse, Harris, Karban, & Sih, 2013; Wood, 1982). In the case of 12 
bark and ambrosia beetles, as well as the other guilds, it is the precondition that insect and 13 
plant are co-occurrence spatio-temporally (Fig. 3-1). Then, (i) parents of gallery founder need 14 
search plant and recognize it as host (insect-attracted stage). In insect-attracted stage, host 15 
and non-host volatile affect the recognition of plant as host (J A Byers, 2004; Schlyter, 2004). 16 
If parents successfully find their host plant, then, (ii) parents must be able to bore pholem and 17 
xylem with tolerance to defensive traits of host (insect-boring stage). If parents successfully 18 
cultivate their host plant, finally, (iii) their progeny must be able to feed fungal and plant’s 19 
resource and successfully grow up to adulthood (fungi-cultivating stage). For ambrosia 20 
beetles, fungi-cultivating stage is important because whether insects successfully breed or not 21 
is strongly dependent on their symbiotic fungi (J Hulcr & Dunn, 2011; Six, 2012). 22 
Furthermore, (ⅳ) insect and their progeny need successfully escape from enemies during all 23 
stages. 24 
Many of ambrosia and bark beetle species are known as insect pest involved in tree 25 
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diseases and causing considerable value loss to wood products (Evans, Crane, Hodges, & 1 
Osborne, 2010; Orbay, McLean, Sauder, & Cottell, 1994). Recently, an increase of pest risk 2 
by novel insect-fungal interaction have been receiving attention (Jiri Hulcr & Dunn, 2011). 3 
Relationship between similarity of beetle assemblage among host plant and hosts’ 4 
phylogenetic distance show not only the reliability of host specificity as indicator of species 5 
estimation, but also as a predictor of pest risk by insect-fungal interaction with plant (Gilbert, 6 
Magarey, Suiter, & Webb, 2012). Additively, dividing host specificity by the rearing stage 7 
can tell us pest risk partitioned into insect and fungi. Host specificity by the 8 
deterioration-stage also tells us the exposure risk of wood corresponding the time elapsed 9 
from cutting day, which would also suggesting the place of bark and ambrosia beetles as 10 
herbivore or more holistic position. 11 
This chapter examines host specificity and species diversity of bark and ambrosia 12 
beetles with focusing on the host deteriorational-conditions and the stages of host utilization 13 
by insects in a cool-temperate mixed forest. The present study tested whether the relationship 14 
between host specificity of beetle assemblage and hosts’ phylogenetic distance differs among 15 
their stage of host utilization. Furthermore, whether this relationship varies among the degree 16 
of deterioration. The samples were taken from taxonomically broad range of hosts with 17 
considering phylogeny of host plants and from 3 levels of deterioration stages. 18 
 19 
 20 
Materials and methods 21 
Study area and plant species 22 
 23 
The study was conducted in a mosaic of primary cool-temperate mixed forest of Tochimoto 24 
Tract, the University of Tokyo Chichibu Forest in central Japan (35° 54ʹ′ N, 138° 49ʹ′E) 25 
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during 2011-2012. Primary forest is dominated by Fagus japonica, Fagus crenata or Tsuga 1 
sieboldii in lower altitudes and Tsuga diversifolia in higher altitudes (The University of 2 
Tokyo Chichibu Forest, 2011). Average annual temperature during 1996-2010 is 11.0°C and 3 
average annual rainfall is 1514.2 mm at Tochimoto (The University of Tokyo Chichibu 4 
Forest 2011). 5 
 For the field experiment, 18 tree species from 17 orders were selected so that they 6 
were locally abundant, and represented all major lineages (at mainly order level) of 7 
dicotyledonous plant species with an exception of one conifer (Tsuga diversifolia, Pinaceae) 8 
(Fig.3-2 and Table 3-1). Relative to the previous study, I added Quercus crispula Blume as 9 
focal plant species with considering their dominance. In this study, I followed the taxonomic 10 
nomenclature by Y-list (Yonekura and Kajita 2003).  11 
 12 
Insect sampling 13 
 14 
For controlling the degree of deterioration (oldness), healthy tree individuals of 18 species 15 
were cut 3 times before the time of exposure; December in 2011 (oldest), April in 2012 16 
(middle) and June in 2012 just before exposure (newest) in the Chichibu Forest (Fig. 3-3). All 17 
tree individuals were prepared as 100-cm-long bolts when cutting. In total, 27 bolts (3 18 
oldness × 3 elevations × 3 replicates) were prepared for each tree species and the diameter of 19 
bolts ranged from 4.0 to 14.3 cm (7.6 ± 2.0, mean ± SD). These bolts which were packed 20 
with fine meshed net bags to protect from insect attacks before exposure were left on the 21 
forest floor in each of three elevations (1100m, 1450m, and 1800m asl.) and exposed for 104 22 
days, while covered by coarse mesh net (16 mm × 16 mm of mesh size) to prevent deer 23 
grazing. Following exposure, these bolts were packed again and were detained for further 100 24 
days in order to verify whether insects in host plant of exposed bolts could rear or not. These 25 
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period are expected to be mostly only one generation for insects because the insect voltinism 1 
in the study site is expected to be one because the majority of seasonal abundance of bark and 2 
ambrosia beetle species caught by bait trap showed uni-modal peak from spring to Autumn 3 
(Saito, Goto, Hirao, & Kamata, 2013). 4 
After insect rearing, bark and ambrosia beetle species were sampled by dissecting 5 
and their stages of host utilization in each hole were determined by following criterion. At the 6 
beginning, all entry holes on the surface of the inner bark or that of phloem after debarking 7 
were marked and the beetle individuals within the holes were collected. The number of entry 8 
holes, which is equal to the number of galleries, was counted by matching the holes on inner 9 
bark and phloem. In this study, this number of entry holes was taken as a sampling unit, in 10 
the same way as the previous study. Insects under the bark were checked, and then those in 11 
the sapwood were checked by breaking the bolts with being careful about the stage of insect 12 
rearing as shown below (Fig. 3-1): (i) what kind of species is in the hole of each plant 13 
(insect-attracted stage), (ii) whether parents of gallery founder is dead or alive (insect-boring 14 
stage), (iii) the existence of eclosed individuals which contain larvae, pupa or juvenile 15 
(fungi-cultivating stage), and (ⅳ) regardless of the stage, whether the gallery is occupied by 16 
carnivore or not. Thereafter, adults were pinned for further identification. The beetles were 17 
sorted into morphospecies and were subsequently identified to species by H. Goto (Forestry 18 
and Forest Products Research Institute, Kyushu, Japan)(under setting). Bark or ambrosia 19 
beetle species were distinguished by references from the list of scolytine species (Kabe 1959; 20 
Nobuchi 1971; Hulcr and Smith 2010). Voucher specimens of both insects and their galleries 21 
were deposited in the main campus of Chiba University. 22 
In this study, some galleries were also sampled for further evidence of insect 23 
species and their successful breeding. Although almost occupied galleries by carnivore 24 
missed adult insect as conclusive evidence for species identification, the gallery form is also 25 
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useful for identification in the second. So the founder of the gallery that was under carnivore 1 
occupation, was identified by both references from the illustrated reference book of scolytine 2 
species gallery (Kabe 1959) and from gallery sample collected in this study. Vacant gallery is 3 
also informative for insect attraction but was not used analysis. Data of each stage is nested 4 
and composed of the following (Fig. 3-1). (i) data of “insect-attracted stage” consist of only 5 
occupied by focal insect in the gallery. Then, this data is used for (ii) data of “insect-boring 6 
stage” by dividing whether the parents on the gallery is dead or alive. Furthermore, data of 7 
alive is used for (iii) data of “fungi-cultivating stage” by dividing whether successfully 8 
breeding or failed to breeding. In this stage, I judged the success of the insect-rearing by the 9 
existence of their progeny, because several researches reported that the observations of other 10 
ambrosia beetles laid eggs only after the symbiont is growing in galleries (Biedermann, 11 
Klepzig, & Taborsky, 2009; Castrillo, Griggs, Ranger, Reding, & Vandenberg, 2011; 12 
Kajimura & Hijii, 1992; Weber & Mcpherson, 1983). Lastly, regardless of stages, (ⅳ) data of 13 
“carnivore” is composed of occupied by carnivore.  14 
 15 
Data analysis 16 
 17 
For assessing whether samples include large part of rare species, the observed species 18 
richness was compared with the potential species richness estimated by the simulation 19 
implemented in the EstimateS 9 software (Colwell et al. 2012; Fig. 3-4), according to Hulcr 20 
et al. (2007) as described in the previous chapter (Watanabe et al., 2014). For bark beetles, 21 
the following analysis was not tested except species estimation because the number of species 22 
was only three species which was too small try multi-dimensional analysis. 23 
To estimate phylogenetic distances between plant species, phylogenetic 24 
relationships among targeted plant species (except Tsuga diversifolia) were reconstructed 25 
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based on a dated angiosperm supertree using Phylocom (Webb et al. 2008) that contains the 1 
standalone version of Phylomatic (Davies et al. 2004). This tool joins the targeted species at 2 
the appropriate place to a larger phylogenetic tree, maintaining the branch lengths in the base 3 
tree, and prunes all intervening taxa. The result is an ultrametric tree with branch lengths 4 
reflecting estimated time between branching events. After making phylogenetic tree 5 
composed of angiosperm species, Tsuga diversifolia was included in this tree as an outgroup 6 
at 190 MYA (Million Years Ago), according to the time of the gene duplication event that 7 
occurred near the split of extant gymnosperms and angiosperms (Jiao et al. 2011) and 8 
according to an analysis of morphological data containing fossils and molecular data (Bell et 9 
al. 2005). Pairwise phylogenetic distances between all plant species were calculated by the 10 
‘cophenetic’ function of R Statistical Software (R Development Core Team 2010) from 11 
newick file of phylogenetic tree data loaded by ‘read.tree’ function of the ‘ape’ package 12 
(Paradis et al. 2004).  13 
Pairwise similarities among ambrosia beetle assemblages of each tree species were 14 
measured by the Jaccard index by quantifying the average proportion of shared species 15 
between assemblages. Chao–Jaccard index that provides robust results even for incomplete 16 
samples with numerous rare and unsampled species (Chao et al. 2005) were also calculated. 17 
Chao–Jaccard index was calculated on raw abundance data and estimated in R Statistical 18 
Software with the ‘vegdist’ function in the vegan package (Oksanen and Kindt 2007). 19 
Because these indexes calculate the dissimilarity among assemblages, I convert these to 20 
similarity by subtracting them from 1. Significance of the correlation between the similarity 21 
of beetle communities and the phylogenetic distance of their host plant species was tested by 22 
two-sided Mantel test (99,999 runs) by ‘mantel’ function in the ‘ecodist’ package. To reduce 23 
the bias in calculating the similarity, the data on beetle assemblages were standardized by 24 
excluding singletons as recommended in Novotny et al. (2010). This procedure of excluding 25 
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singletons was also applied to the calculations of number of host species and species richness 1 
per host. 2 
To assess the decrease of host range with the host-deteriorational conditions and 3 
the stages of host utilization, the number of host plant species in a condition and a stage was 4 
measured by assemblage scale (pooled by a stage in a condition) or species scale (the average 5 
of host range by species in a stage and a condition). For species scale, to examine effects of 6 
the stages of host utilization, the difference of host range between insect-attracted stage 7 
(occupied) and insect-boring stages (live) were used as the difference of host range in 8 
“insect-dependent stage” whereas between insect-boring stages (live) and fungi-cultivating 9 
stage (succeeded) were measured as the difference of host range in “fungi-dependent stage”. 10 
Then, Paired difference t-test was verified to test the significances of the decrease of host 11 
range between insect-dependent stage and fungi-dependent stage. On the other hand, for the 12 
test of the host-deteriorational conditions, the differences of host range between newest and 13 
middle conditions, middle and oldest conditions and oldest and newest conditions were 14 
measured. 15 
Finally, the total theoretical species richness of ambrosia beetles in Japan was 16 
estimated by the species-accumulation curves of Mao Tau function from the slope of 4–18 17 
plant species. The detailed is described in the previous chapter (chapter 2, Data analysis). In 18 
this analysis, complete data obtained in both 2011 and 2012 including singletons were used 19 
for construction of the species accumulation curves.  20 
 21 
 22 
Results 23 
 24 
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From 7036 holes in the 486 bolts (18 species × 3 oldness × 3 elevations × 3 replicates), 27 1 
ambrosia beetle and 3 bark beetle species were sampled (Table 2-3). For ambrosia beetle, the 2 
number of species obtained the condition of newest, middle and oldest was 19 (4), 17 (1) and 3 
22 (5), respectively (The brackets were the number of species that presented only specific 4 
conditions). Xylosandrus germanus (Blandford) showed the most broadest host range (17 5 
plant species) and the most numerous number of galleries (1581 holes) presenting almost 6 
54% of the number of total galleries on ambrosia beetles. Xyleborinus saxeseni (Ratzeburg) 7 
showed the second broadest host (15 plant species). For bark beetle, these were 2, 3 and 2, 8 
respectively. After this, bark beetle species was excluded from analysis except species 9 
estimation because of scarcity.  10 
The species accumulation curve for the entire data set has not reached an asymptote, 11 
but is approaching the Chao 2 estimate of the total number of species (Fig. 3-4), suggesting 12 
that the majority of the local species were represented in the analysis.  13 
Under the oldest condition of insect-attracted stage, Jaccard and Chao-Jaccard 14 
index similarity of ambrosia beetle assemblage among host plant species as relative index of 15 
host specificity was significant relationship with hosts’ phylogenetic distance (Table 3-4; 16 
Fig.3-5; 3-6). Host specificity of the middle condition also showed significant relationship 17 
from insect-attracted to insect-boring stages continuously, especially with phylogenetic 18 
distance of angiosperm species. On the other hand, host specificity of newest condition 19 
showed low relationship with host phylogeny: the relationship at failed to breeding in 20 
fungi-cultivating stage was significant.  21 
 The decrease of host range along with the stages of host utilization was clear for 22 
assemblage scale (Table 3-5): 2 host plant species were decreased between insect-boring 23 
stage (live) to fungi-cultivating stage on average, regardless to only 13% decrease on 24 
abundance basis (Fig. 3-1). For species scale, all of the decreases of host range among stages 25 
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were significant. Among them, the decrease of host range in fungi-dependence stages was 1 
also larger than insect-dependence stages for all of the deterioration oldness. On the other 2 
hand, along with the host-deterioration conditions, the differences of host range were larger 3 
between oldest- and newest-conditions (0.65) or oldest- and middle-conditions (0.65) than 4 
newest- and middle-conditions (0.02). 5 
 The estimated number of species from the extrapolation based on the number of 6 
plant order (40 orders) and plant species (1500 tree species) were 36 and 136 for ambrosia 7 
beetles, and 7 and 65 for bark beetles in 2011, respectively (Fig. 3-7).  8 
 9 
 10 
Discussion 11 
 12 
The number of species of ambrosia beetles in this study was 27 species and was more than 13 
twice as large as that in 2011(12 species). Although this study added Quercus crispula Blume 14 
as focal plant species relative to the study in 2011, the effect of Q. crispula on the increase of 15 
species richness was limited. Ambrosia beetle species that presented only Q. crispula was 16 
only one species, Xyleborus sp.2. Condition specific species that presented only newest- and 17 
oldest- condition were 4 and 5 species, respectively (Table 3-2), which showed the strong 18 
effect of host deteriorational-conditions on host specificity. 19 
As a result, estimated total species richness in ambrosia beetles extrapolated from 20 
the result of host specificity to the number of plant order and species were increased from 21 
that of the previous chapter (i.e., 77 to 136 species extrapolated from plant species, Fig. 2-5d). 22 
However, compared with the described species in Japan, 119 species in ambrosia beetles, 23 
these results were rather confusing. For the ambrosia beetle species extrapolated from plant 24 
species, it was the overestimation, which suggests the sufficient number for the extrapolation 25 
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of ambrosia beetle species may correspond with the higher taxonomic level than plant species 1 
level and their evolutionary rate may correspond with the time scale. On the other hand, the 2 
underestimation of bark beetle species extrapolated from plant species was confirmed, 3 
regardless to the increase of focal plant species (Q. crispula), and the decrease of species 4 
richness made the slope of species accumulation curve weakened. Deterioration conditions 5 
also affect the slope of bark beetles to be weak by increasing host range of only polyphagous 6 
species, Coccotrypes nubilus (Blandford). Relative to ambrosia beetles, bark beetles are 7 
dependent on plant tissue itself and they are the more host specific guild (JIRI Hulcr, 8 
MOGIA, Isua, & Novotny, 2007). Therefore, this result suggests that bark beetles are more 9 
like folivores with higher host specificity, whereas ambrosia beetles are more like detrivore. 10 
Recently, the validity of classification of guilds between bark and ambrosia beetles has been 11 
suspected because they are both dependent on their symbiotic fungi for food resources to 12 
some extent (Jiri Hulcr & Dunn, 2011; Six, 2012). However, the present result showed the 13 
suitability of this classification because of the much difference in host specificity between 14 
these guilds. Thus, this classification offers us an important implication that the difference of 15 
their hood habitats, i.e., pholem and xylem causes the difference of host specificity regardless 16 
to the dependence on the fungi. 17 
 As discussed in chapter 2, because ambrosia beetles used pheromone for 18 
searching their suitable host and mating, data on abundance basis tend to contain 19 
pseudo-replicated sample (JIRI Hulcr et al., 2007). For this reason, the following discussion 20 
about the effect of host phylogeny on host specificity mainly referred to Jaccard’s similarity 21 
of incidence (presence/absence) basis index. When the relationship between phylogenetic 22 
distance and similarity between assemblages, i.e. phylogenetic dependence of host specificity, 23 
was compared within each deteriorational condition, the significant phylogenetic dependence 24 
of host specificity was confirmed at the insect-dependence stages (insect-attracted to 25 
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unsect-boring stages) under the oldest condition of all host plant species and the middle 1 
condition of angiosperms (Table 4; Fig. 3-5; 3-6), whereas low effect on host specificity 2 
under the newest condition. Under the newest condition, three Xyleborini species; 3 
Xyleborinus saxeseni, Xylosandrus germanus and Xylosandrus crassiusculus, which were 4 
exotic beetle species from the other area of Asia and known to have extraordinary broad host 5 
range (Jiri Hulcr & Dunn, 2011), were representing 35% of the total abundance of galleries. 6 
Therefore, none or less effect of the host species on host specificity under the newest 7 
condition might be caused by the dominance of these three species. On the other hand, at 8 
fungi-dependent stages, the effects of host phylogeny on host specificity were scarcely 9 
confirmed. Because the present data consist of nested time series, the values of the 10 
fungi-dependent stage should be affected by the process of the upstream stages. The 11 
transitions of correlations between host phylogenetic distance and similarity of ambrosia 12 
beetle assemblage can be effective to solve this continuum effect. Under the oldest condition, 13 
the correlations were decreasing along with the stage of host utilization, which suggests host 14 
phylogeny affected firstly on host specificity of insect-attracted stage, but weakly on the 15 
following stages. On the other hand, under the middle condition, the correlations increased 16 
along with the insect-dependent stages, which suggests the effect of host phylogeny persisted 17 
and enhance the plant-insect interaction to the next insect-dependent stage. However, the 18 
effects decreased in the fungi-cultivating stage, which may show the reconstruction of 19 
plant-insect interaction according to the fungal dependence on plant species. Finally, the 20 
assemblage under the newest condition showed reverse pattern against under the oldest 21 
condition; none or less host specificity was shown in the insect-dependent stage but it was 22 
evident at latter class of failed to the rearing in fungi-cultivating stage. These suggested the 23 
narrow window for the mutualism of ambrosia beetles and symbiotic fungi even if the fungi 24 
were inoculated for the tree species. Brändle & Brandl (2006) reported that 86% of the fungi 25 
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species were restricted to a single tree “genus”, which supports our results. Therefore, even if 1 
the majority of ambrosia beetles could adapt the broad-host plant species with tolerance 2 
toward the host defensive traits, their symbiotic fungi may not be tolerance with the traits 3 
especially because fresh tree retains the defensive traits relative to the old tree. The 4 
significant effect of host phylogeny on host specificity of failed to the rearing in 5 
fungi-cultivating stage under the newest condition may show the limit of their symbiotic 6 
fungi to cultivating plant species and the possibility of ambrosia beetles to exploit new plant 7 
species as successfully breeding host.  8 
When the effect of deteriorational condition (early to old) on the phylogenetic 9 
dependence of host specificity at each stage was examined, significant dependences were 10 
confirmed at insect-attracted to -boring stages for middle and old conditions. On the other 11 
hand, none or less phylogenetic dependences of host specificity were confirmed under newest 12 
condition at insect-dependent stages. Fresh woods are known to emit the ethanol because of 13 
the physiologically anaerobic or stressed state (Ikeda, Oda, Yamane, & Enda, 1980; 14 
KELSEY, 2001; Kimmerer & Kozlowski, 1982; Lindelöw et al., 1992; C. M. Ranger, Reding, 15 
Persad, & Herms, 2010; C. M. Ranger, Reding, Schultz, & Oliver, 2013; C. Ranger & Reding, 16 
2012), which strongly attract the Xyleborini species (Markalas & Kalapanida, 1997; Moeck, 17 
1971; M. E. Reding, Schultz, Ranger, & Jason, 2011; M. Reding, Oliver, Schultz, & Ranger, 18 
2010). In fact, the number of Xyleborini species in insect-attracted stage was highest for the 19 
newest condition. Furthermore, the effect of ethanol to attract ambrosia beetles is not species 20 
specific but attract many species of them. Thus, the emission of ethanol may affect the host 21 
specificity of ambrosia beetle assemblage (Montgomery & Wargo, 1983). 22 
In additive to ethanol, the synergistic effects by combing the ethanol and the other 23 
attractant volatile, biochemical, are known to affect the host selection by ambrosia beetles 24 
(John A Byers, 1985; Schlyter, 2004). For example, (-)α-pinene attract Hylobius abieis but 25 
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repel Xylosandrus germanus (Miller & Rabaglia, 2009). Lindelöw et al. (1992) reported the 1 
increase of species-specific volatile after the harvesting of spruce wood, which caused the 2 
host specificity of ambrosia beetle species to the stored old wood stems. The result of present 3 
study is following this phenomenon that the attraction of tree species-specific species to the 4 
older wood bolts (Fig. 3-8).  5 
It is believed that ambrosia beetles are generalist in host use because of the 6 
utilization of "dead" plant materials which need not to be defended from herbivory (Hanski, 7 
1989). However, the present results showed the increase in host specificity after the harvest 8 
of woods with the number of species being increase (Table 3-2 and Table 3-4). This is also 9 
supported by previous studies of Saproxylic beetles (Kaila, Martikainen, Punttila, & 10 
Yakovlev, 1994; Köhler, 2000). Grove (2002) reported that even on Saproxylic insects, 11 
higher host specificity is common at higher plant taxonomic levels although rare at the tree 12 
species level. Because the defensive trait of woody tissue, such as resin and allelochemicals, 13 
still retains for a long time relative to the other plant tissue (Haack & Slansky Jr, 1987; Jiri 14 
Hulcr & Dunn, 2011), insect species that utilizes dead trees would also develop the 15 
preference and the tolerance against the host specific trait. 16 
Furthermore, the interaction between plant and ambrosia and bark beetles should be 17 
examined with the effects of symbiotic fungi (Brändle & Brandl, 2006; Roe, Rice, Coltman, 18 
Cooke, & Sperling, 2011). At the fungi-cultivating stage, low levels of phylogenetic 19 
dependences of host specificity were shown with narrower host breadth compared with the 20 
previous insect-boring stage (Table 3-4 and Table 3-6). These might suggest the narrower 21 
host breadth of symbiotic fungi. Altogether, the specificities in host selection by ambrosia 22 
and bark beetles were higher under the oldest condition by host similarity base, whereas the 23 
specificities in host selection by fungi were higher under the newest condition by host range 24 
base (Table 3-5; 3-6). These imply the potential of utilization of novel hosts by ambrosia and 25 
61 
bark beetles after the infection of symbiotic fungi immediately after the harvesting or natural 1 
death. Such property of fungi, i.e. broader host range, was known to show the risk as pest for 2 
plants. For example, above three Xyleborini species possess a higher risk of outbreak with 3 
their broader host range, which was also shown in the present results (mean host range = 15 4 
species). Here again the effects of ethanol emitted from harvested woods should be 5 
cautiously examined because of the strong function of general attractants for ambrosia and 6 
bark beetles. Even ambrosia and bark beetles showing host specificity on several plant 7 
species utilize the ethanol as the initial cue to detect their suitable host (KELSEY, 2001; 8 
Manter & Kelsey, 2008; M. E. Reding, Oliver, Schultz, Ranger, & Youssef, 2013). The 9 
understandings of the process of establishing novel host plant species by ambrosia and bark 10 
beetles are crucial for the risk management of wood disease which cause much economical 11 
problems in many countries (Evans et al., 2010; J Hulcr & Dunn, 2011; Orbay et al., 1994).  12 
The examination of the host selection following the stages of host utilization by 13 
ambrosia beetle species was informative when analyzing the effects of temporal changes in 14 
host plant quality. These examinations are possible only for ambrosia beetles guilds, because 15 
the fate of individuals can be tracked for ambrosia beetles by the sings of feeding gallery. In 16 
addition, the examination of ambrosia beetle assemblages will gives the opportunity to 17 
analyze the interaction between insect and fungi.  18 
 19 
 20 
 21 
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Table and Figure 
Table 3-1 The focal plant species in this study. Order was compliant based on APG III classification system. Wood densities (g 
cm–3) are averages from 27 bolts per species. Species with round stamp were overlapped with those examined by Hulcr et al. 
(2007) at order level. 
SP FAMILY ORDER(APG) wood density(g cm–3) 
Tsuga diversifolia (Maxim.) Mast. Pinaceae Coniferae 0.89 
Salix bakko Kimura Salicaceae Malpighiales 0.62 
Fagus japonica Maxim. Fagaceae Fagales 0.64 
Quercus crispula Blume Fagaceae Fagales 0.90 
Magnolia obovata Thunb. Magnoliaceae Magnoliales 0.63 
Trochodendron aralioides Siebold et Zucc. Trochodendraceae Trochodendrales 0.83 
Euptelea polyandra Siebold et Zucc. Eupteleaceae Ranunculales 0.66 
Cercidiphyllum japonicum Siebold et Zucc. ex Hoffm. et Schult. Cercidiphyllaceae Saxifragales 0.72 
Pieris japonica (Thunb.) D.Don ex G.Don subsp. Japonica Ericaceae Ericales 0.64 
Prunus nipponica Matsum. Rosaceae Rosales 0.85 
Acer micranthum Siebold et Zucc. Sapindaceae Sapindales 0.65 
Meliosma myriantha Siebold et Zucc. Sabiaceae Basaleudicot 0.70 
Ilex macropoda Miq. Aquifoliaceae Aquifoliales 0.72 
Swida controversa (Hemsl. ex Prain) Soják Cornaceae Cornales 0.72 
Acanthopanax sciadophylloides Franch. et Sav. Araliaceae Apiales 0.57 
Fraxinus lanuginosa Koidz. f. lanuginosa Oleaceae Lamiales 0.75 
Wisteria floribunda (Willd.) DC. Leguminosae Fabales 0.61 
Tilia japonica (Miq.) Simonk. Malvaceae Malvales 0.64 
    
Average     0.83 
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Table 3-2 List of species of ambrosia and bark beetles examined in the present study. The host range and oldnedd at which they were obtained 
were also shown. Species which were singletons were excluded from the analysis of host specificity for preventing sampling bias. 
Guild Subfamily Tribe Species Host range 
Total abundance 
of occupied 
galleries 
Abundance at each oldness 
Newest Middle Oldest 
ambrosia_beetles Scolytinae Xyloterini Indocryphalus spp. 1 3 0 2 1 
(fungal chewers) Xyloterini Trypodendron Trypodendron proximum (Niisima) 1 4 4 0 0 
 Scolytinae Xyleborini Ambrosiodmus lewisi (Blandford) 9 13 9 1 3 
 Scolytinae Xyleborini Ambrosiodmus rubricollis (Eichhoff) 4 6 3 1 2 
 Scolytinae Xyleborini Xyleborus seiryorensis Murayama * 1 1 0 0 1 
 Scolytinae Xyleborini Xylosandrus brevis (Eichhoff) 1 6 0 0 6 
 Scolytinae Xyleborini Xyleborus minutus Blandford 5 30 16 8 6 
 Scolytinae Xyleborini Xyleborus seriatus Blandford 7 239 233 3 3 
 Scolytinae Xyleborini Xylosandrus crassiusculus (Motschulsky) 13 204 101 13 90 
 Scolytinae Xyleborini Xylosandrus germanus (Blandford) 17 1580 771 238 571 
 Scolytinae Xyleborini Xyleborinus saxeseni (Ratzeburg) 15 350 168 96 86 
 Scolytinae Xyleborini Xyleborinus attenuatus (Blandford) 10 25 7 9 9 
 Scolytinae Xyleborini Euwallacea validus(Eichhoff) 2 2 0 1 1 
 Scolytinae Xyleborini Xyleborus sp. 1* 1 1 1 0 0 
 Scolytinae Xyleborini Xyleborus sp. 2 1 3 2 0 1 
 Scolytinae Xyleborini Xyleborus sp. 3* 1 1 0 1 0 
 Scolytinae Xyleborini Xyleborus sp. 4* 1 1 1 0 0 
 Scolytinae Xyleborini Xyleborus sp. 5 5 8 6 1 1 
 Scolytinae Xyleborini Xyleborus sp. 6* 1 1 1 0 0 
 Scolytinae Xyleborini Xyleborus sp. 7* 1 1 0 0 1 
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 Scolytinae Scolytoplatypodini Scolytoplatypus shogun Blandford 5 21 1 3 17 
 Scolytinae Scolytoplatypodini Scolytoplatypus tycon Blandford 4 109 34 1 74 
 Scolytinae Scolytoplatypodini Scolytoplatypus daimio Blandford 2 16 7 1 8 
 Scolytinae Scolytoplatypodini Scolytoplatypus mikado Blandford 1 20 0 0 20 
 Platypodidae Platypodini Platypus modestus Blandford 12 120 67 45 8 
 Platypodidae Platypodini Platypus severini Blandford 16 169 26 81 62 
 Platypodidae Platypodini Diapus aculeatus Blandford* 1 1 0 0 1 
bark beetles Scolytinae Dryocoetini Coccotrypes nubilus (Blandford) 10 215 79 66 70 
(pholem chewers) Scolytinae Dryocoetini Cyrtogenius brevior (Eggers) 1 93 38 36 19 
 Scolytidae Hylesinini Dryocoetes hectographus Reitter 1 24 0 24 0 
Species richness           21 20 24 
 
* species excluded from the analysis because of singleton 
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Table 3-3 Mean number of host plant species, mean species richness per host and species richness on Ambrosia and bark beetles. the brackets 
showed standard error. 
  Mean number of host plant species Mean species richness per host Species richness 
Ambrosia beetle 6.55 (1.20) 4.5 (0.56) 27 
Bark beetle 4 (3) 0.67 (0.15) 3 
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Table 3-4.1 Jaccard index correlation matrix between stages of host utilization and the degree of host deterioration. Significant level is >.06 
†marginally, >.05 * , >.01** and  >.001**, respectively. 
Jaccard  All host plant species    Angiosperms 
     newest middle oldest    newest middle oldest 
(i) insect-attracted Occupied -0.145 -0.255 -0.311*  -0.223 -0.45** -0.314* 
         
(ii) insect-boring Live -0.024 -0.291 -0.153  -0.093 -0.482** -0.181 
 Death -0.13 -0.707*** -0.135  -0.353† -0.499** -0.135 
         
(iii) fungi-cultivating Success 0.072 -0.069 -0.046  -0.248 0.125 -0.046 
 Failed -0.481** -0.265 0.058     -0.285* -0.265 -0.08 
 
Table 3-4.2 Chao-Jaccard index correlation matrix between stages of host utilization and the degree of host deterioration. Significant level is 
>.06 †marginally, >.05 * , >.01** and  >.001**, respectively. 
Chao-Jaccard  All host plant species     Angiosperms 
     newest middle oldest     newest middle oldest 
(i) insect-attracted Occupied -0.145 -0.255 -0.311*  -0.223 -0.45** -0.314* 
         
(ii) insect-boring Live -0.024 -0.291 -0.153  -0.093 -0.482** -0.181 
 Death -0.13 -0.707*** -0.135  -0.353† -0.499** -0.135 
         
(iii) fungi-cultivating Success 0.072 -0.069 -0.046  -0.248 0.125 -0.046 
 Failed -0.481** -0.265 0.058     -0.285* -0.265 -0.08 
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Table 3-5 The decrease of host plant species along with the stages of host utilization. 
    All host plant species    Angiosperms 
 stage state newest middle oldest   newest middle oldest 
(i) insect-attracted occupied 17 17 17  16 16 16 
         
(ii) insect-boring live 17 17 16  16 16 15 
 death 16 17 16  15 16 16 
         
(iii) fungi-cultivating success 13 15 13  12 14 13 
  failed 14 14 15   13 14 14 
 
 
Table 3-6 The difference in host range along with the stages of host utilization. The decreases of 
insect-dependence stage are between (i) insect-attracted stage (occupied) and (ii) insect-boring stage 
(live) whereas fungi-dependence stage are between (ii) insect-boring stage (live) and (iii) 
fungi-cultivating stage (succeeded). The results of paired difference t-test along with the decrease of 
host range between insect-dependence stage and fungi-dependence stage were shown on the header 
of plant categories. Significant level is > .05 * and > .06 †. 
  All host plant species†   Angiosperms*  
transition of stages newest middle oldest   newest middle oldest 
insect-dependence stage 1.26 1.12 0.77  1.16 1.06 0.77 
fungi-dependence stage 1.47 1.41 1.27   1.42 1.41 1.23 
 
Table 3-7 One tailed paired difference t-test along with the host deteriorational-conditions. 
Significant level is >.05 *. 
  All host plant species  Angiosperms 
newest-middle -0.02 0.00 
middle-oldest 0.68* 0.51* 
oldest-newest 0.65* 0.51* 
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Fig. 3-1. The stage of host utilization and class of bark and ambrosia beetle. The number on 2 
each class shows the number of holes in this study.  3 
 4 
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salix bakko
fagus japonica
Quercus crispula
prunus nipponica
wisteria floribunda
acer micranthum
tilia japonica
cercidiphyllum japonicum
pieris japonica
ilex macropoda
eleutherococcus sciadophylloides
fraxinus apertisquamifera
cornus controversa
trochodendron aralioides
meliosma myriantha
euptelea polyandra
magnolia obovata
Tsuga diversifolia
 1 
Fig. 3-2. Phylogeny of focal plant species derived mainly from the dated angiosperm 2 
supertree (Davies et al., 2004) except Tsuga diversifolia of gymnosperm that was inserted 3 
into the outside of this tree, according to Jiao et al. (2011) and Bell et al. (2005).4 
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Fig. 3-3. The experimental procedure of host deteriorational-conditions. The number of bolt 2 
were same as 162 (3 replicates × 3 elevations  × 18 host plant species) among the 3 
deteriorational-conditions. 4 
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Fig. 3-4. Species accumulation and an estimate of total species richness. Complete data for 2 
all ambrosia and bark beetle species and all 18 plant species were included. Solid line was 3 
species accumulation curve derived analytically and thin dotted lines around solid line were 4 
95% confidence intervals. Dashed line with dotted was Chao 2 estimate of the total number 5 
of species. 6 
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 1 
Fig. 3-5. Jaccard index correlation matrix 
between insect-rearing-stagerearing-stage 
and the degree of host deterioration on all 
species (a), and only angiosperms (b). 
Solid lines show significant relation and 
broken lines show marginally significant 
relation (p < 0.06). Circle size is 
proportional to the number of pairwise 
comparisons at each point on the graph, 
with bin sizes of 1, 2, 3 and > 4 for the 
smallest to largest circles. 
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Fig. 3-6. Chao-Jaccard index correlation matrix 
between insect-rearing-stagerearing-stage and 
the degree of host deterioration on all species 
(a), and only angiosperms (b). Solid lines show 
significant relation and Broken lines show 
marginally significant relation  (p < 0.06). 
Circle size is proportional to the number of 
pairwise comparisons at each point on the 
graph, with bin sizes of 1, 2, 3 and > 4 for the 
smallest to largest circles. 
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Fig. 3-7. Species accumulation curve of ambrosia and bark beetle assemblages. The Mao Tau 
species-accumulation curves are shown from the results of the average herbivore species on 
4–18 plant species (4-17 plant orders), and extrapolated to the number of plant species and 
order in Japan, using power functions. After extrapolation to 1500 plant species (a) and 40 
plant orders (b) in Japan, the estimated number of ambrosia and bark beetle species in Japan 
is 36 and 7 by plant orders and 136 and 65 (by plant species) 
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Fig. 3-8. Image of the transition of volume of host dependent and independent volatiles with 
elapsed time from wood felled.
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Chapter 4 1 
The impact of host specificity of microbial symbionts on host plant 2 
utilization by ambrosia beetles.  3 
 4 
 5 
Introduction 6 
 7 
Herbivore insects, defined here as the consumers of plant tissues for their food in a broad 8 
sense, comprise large part of terrestrial diversity (Futuyma & Agrawal, 2009; May & 9 
Beverton, 1990; Price, 2002; Stork & W, 1988). The host specificity of herbivore insects has 10 
been known as the influential indicator of herbivore diversity. Among the herbivore guilds, 11 
host specificity of bark and ambrosia beetles which utilize woody tissue was relatively low 12 
and therefore the weaker dependence of their diversities on host plant species was expected 13 
(Hanski, 1989). However, recent researches showed the effect of host phylogeny on host 14 
specificity regardless of the verification of the broadest-host range (low host specificity) in 15 
ambrosia beetles (Novotny et al., 2010; Watanabe, Murakami, Hirao, & Kamata, 2014). 16 
The nutrient content of the woody tissue is very low despite the their major fraction 17 
of biomass in terrestrial ecosystems. This forced the xylophagous insects to overcome various 18 
nutrient restrictions, such as the low revel of C:N ratio, the low content of vitamin and 19 
essential amino acids. The inaccessibility of nutrition from the plant material also prevent 20 
their survival (Hansen & Moran, 2013). In fact, C:N ratio of plant is very low compared with 21 
the nutritional needs of animals with exhibiting substantial variation among different plant 22 
tissues, growth stages and species (Mattson, 1980). 23 
 On the basis of these backgrounds, ecologists have come to pay attention to the 24 
symbionts that help the herbivore insects to utilize host woody tissue (Klepzig, Adams, 25 
Handelsman, & Raffa, 2009; Six, 2013). In this decade, it has been identified that microbial 26 
symbionts help insect to expand the accessibility to the nutrition of the plant materials by 27 
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decomposing cell-wall (Moller, Henrik, Harholt, Willats, & Boomsma, 2011; Schiøtt, 28 
Rogowska-Wrzesinska, Roepstorff, & Boomsma, 2010) and enhance the content of vitamin 29 
(Sabree, Kambhampati, & Moran, 2009) or ergosterols (Bentz & Six, 2006) by the symbionts 30 
themselves. Furthermore, the pathway of reverse direction from the herbivore to symbiotic 31 
microbes has been shown in recent researches. For example, the mycangia, an external 32 
exoskeletal cavity facilitating the transport of the symbiotic fungi, which has been observed 33 
exclusively for ambrosia beetles (Grebennikov & Leschen, 2010), has revealed to possessed 34 
by the other insects (Toki, Takahashi, & Togashi, 2013; Toki, Tanahashi, Togashi, & Fukatsu, 35 
2012). 36 
 Among the species which has been studied for insect-symbiont interactions, bark 37 
and ambrosia beetles are the most ecologically and economically important insects in forests 38 
worldwide and thus required the knowledge of their interactions with symbionts (Six, 2013). 39 
Although rather loose interaction between bark beetle and microbes, the host availability of 40 
ambrosia beetle is largely dependent on their symbiotic fungi (Jiri Hulcr, Mann, & Stelinski, 41 
2011; Six, 2013). Because xylem are the lowest in nitrogen even among the other plant 42 
tissues (Mattson, 1980), many xylophagous insects utilized fungi in both positive and passive 43 
ways to enhance the nitrogen abundance (Six, 2013). The Ophiostomatoid fungi accumulates 44 
the sapwood nitrogen and transport it to the surface of gallery on where beetle larvae feed 45 
(Bleiker & Six, 2009; Six, 2013). Larvae of ambrosia beetle grow with feeding on the fungal 46 
tissues with pieces of xylem (xylomycetophages) or only the symbiotic fungi as their 47 
exclusive diet (mycetophages) (JIRI Hulcr, MOGIA, Isua, & Novotny, 2007). 48 
Thus, it is important to understand the host range of symbiotic fungi (cf. Hulcr et al. 49 
2007, Watanabe et al. 2014) with phylogenetic relatedness of host plant species in order to 50 
assess the contributions of microbial symbionts to host plant utilization by herbivorous 51 
insects. The infectivity of fungal symbiont of ambrosia beetle to the host plants should be 52 
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also examined. The fungal symbiont of bark beetle–associated diseases has been well studied 53 
in relation to coniferous tree for a commercial reason. However, the fungal flora that are 54 
involved in ambrosia beetle–associated disease are not yet well described (Endoh, Suzuki, 55 
Okada, Takeuchi, & Futai, 2011; Ploetz, Hulcr, Wingfield, & de Beer, 2013). Since Batra 56 
(1967) revised a taxon of the hitherto described ambrosia associated fungi, a current list of 57 
the previously described species and their associated beetle species is presented just recently 58 
by Kubono and Ito (2002) and Gebhardt & Oberwinkler (2005). The taxonomy of ambrosia 59 
fungi has been re-evaluated, because their classification was originally established using 60 
morphological characteristics that are poorly defined in artificial media, and because most are 61 
known only by their asexual state (Gebhardt, Weiss, & Oberwinkler, 2005; Massoumi, Tsui, 62 
& Breuil, 2009). In order to understand the key to the success of ambrosia beetle breeding, 63 
species identification of their symbiotic fungi based on molecular classification and their host 64 
range are required. 65 
This study examines the host specificity of fungi associated with two Xyleborini 66 
species; Xyleborinus saxeseni and Xylosandrus germanus. Host ranges of these two species 67 
are outstandingly wide, which covered 83 to 94% of local tree species in temperate forest 68 
(see Chapter 3). In contrast with the wide host plant range ambrosia beetles, the narrower 69 
host range for the successful breeding was observed, which suggested that the host range of 70 
their symbiotic fungi is narrower than the range of host recognition by the ambrosia beetles. 71 
In this study, this implication on host range of their symbiotic fungi is examined by 72 
molecular based species identification, DNA barcoding (Schoch et al., 2012). These results  73 
showed not only host specificity of their symbiont on host plant species, but also the 74 
contributions of the symbiotic fungi to the host utilization of herbivore insects.  75 
 76 
 77 
89 
Material and Method 78 
 79 
Study area and plant species 80 
The study was conducted in a mosaic of primary cool temperate mixed forest of Tochimoto 81 
Tract, the University of Tokyo Chichibu Forest in central Japan (35°54’N, 138°49’E) in 2012. 82 
For the field experiment, 18 tree species from 17 orders were selected so that they fit the 83 
following criteria: they were locally abundant and represented all major lineages (at order 84 
level) of dicotyledonous plant species with an exception of one conifer (Tsuga diversifolia, 85 
Pinaceae; Table 4-1). 86 
 87 
Insect sampling 88 
Bolts of 18 plant species were left on the forest floor in each of three elevations (1100m, 89 
1450m, and 1800m asl.) and exposed for 104 days. The details of the procedure were 90 
described in chapter 3. The bolts after the exposure were packed with fine meshed net bags to 91 
protect from further insect attacks before dissecting. These bolts with holes excavated by 92 
bark and ambrosia beetles were dissected hole-by-hole to about 2 cm-thick woody discs each 93 
containing both a gallery and an insect species. After dissecting, the woody discs were kept at 94 
2-3°C in a container box and then frozen under -30°C at the laboratory. The insect beetles 95 
were then picked up and identified to species. The specimens were kept in a bottle with 70% 96 
ethanol. The wood chips were frozen at -30 °C utill fungal isolation. 97 
 98 
Beetle Galleries 99 
The galleries of two Xyleborini species were examined on17 plant species of 17 orders. Each 100 
gallery was sorted according to developmental stages of insects (see chapter 3). Among them, 101 
two gallery types were used in this study, “success-breeding” (SB) and “failed-breeding” 102 
90 
(FB). Type SB is the case with the larvae, pupa, and/or juvenile being in the gallery, whereas 103 
Type FB is the case with parents only being alive in the gallery but the absence of the 104 
progeny. For the conditions of the host plant, trees cut just before exposure (newest, see 105 
chapter 3) were mainly used. The trees cut in December in 2011 (oldness) and April in 2012 106 
(middle) were used for X. saxeseni on three plant species; Quercus crispula, Prunus 107 
nipponica and Tilia japonica, because of the absence on newest conditions. In total, 95 108 
galleries from 14 host plant species were obtained for fungal isolation (Fig. 4-1; Table 4-2). 109 
 110 
Cultivation and Culturing of Fungi 111 
Fungal isolation from the woody chips was performed according to Endoh et al. (2008). The 112 
sample locations within the beetle galleries were deeper than at least 2cm from the entry of 113 
hole. Isolation of fungi was performed by standard plating method using YM agar (1% [w/v] 114 
glucose, 0.5% [w/v] peptone, 0.3% [w/v] malt extract, 0.3% [w/v] yeast extract) plates 115 
containing 100 ppm of streptomycin.. The plates were incubated at 25°C with daily 116 
observation up to 1~2 weeks. Yeast colonies appeared on each plate were visually grouped 117 
according to the culture characteristics. Each colony was picked up by toothpicks and served 118 
for the DNA analysis. 119 
 120 
DNA extraction 121 
Genomic DNA was extracted with the glass bead method. Approximately 100 µl of cell mass 122 
was harvested and suspended in sterile distilled water in a microtube. The cells were rinsed 123 
with sterile distilled water and re-suspended in 500 µl lysis buffer (50 mM Tris–HCl, 250 124 
mM sodium chloride, 50 mM EDTA, 0.3% [w/v] SDS, pH 8). Approximately 200 µl of U 0.8 125 
mm glass beads was added to each tube, and the tubes were vortexed for 2.5 min to disrupt 126 
the cells. The tubes were incubated for 1 h at 65°C and placed on ice for several minutes. 127 
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After vortex-mixing again for 1 min, the tubes were centrifuged at 15,000 rpm for 30 min at 128 
4°C. Each supernatant was transferred to a new tube, to which an equivalent volume of 129 
phenol/chloroform/isoamylalcohol (25:24:1) was added and mixed to emulsify. After 130 
centrifuging at 15,000 rpm for 15 min at room temperature, the supernatant was put into 131 
another tube and 1/10 volume of 3 M sodium acetate and an equal volume of isopropanol was 132 
added. The mixture was incubated at -20°C for at least 30 min and centrifuged at 15,000 rpm 133 
for 20 min at 4°C to sediment DNA. The resulting DNA pellet was rinsed with 70% ethanol 134 
and dried. The pellet was re-suspended in 200 µl of TE buffer (10 mM Tris–HCl, 1 mM 135 
EDTA, pH 8) and kept at -20°C until used. 136 
 137 
rDNA sequencing and phylogenetic analysis 138 
ITS (Internal transcribed spacer) regions of the rDNA was amplified by PCR with BD 139 
primers (GTCGTAACAAGGTTTCCGTA; Luton, Walker, & Blair, 1992) and ITS4 140 
(TCCTCCGCTTATTGATATGC; White, 1990). Amplifications were performed in 50 µl 141 
reactions, each containing 5 µl of 10×Ex Taq buffer, 4 µl of 10 mM dNTP, 20 pmol of each 142 
primer, 0.5 µl of Takara Ex Taq (Takara Bio, Shiga, Japan), and 5 µl of 20 ng/µl DNA 143 
template using a thermal cycler with the following program; an initial denaturation at 95°C 144 
for 5 min, followed by 93°C for 45 sec, 40 cycles of 45 sec at 93°C, 1 min at 50°C, and 1 min 145 
at 72°C and a final extension of 6 min at 72°C. Sequence data were aligned by using  146 
Purified sequencing reactions were run on an ABI 3500 automated sequencer (Applied 147 
Biosystems) and partly by the commercial company (Macrogen Japan Co., Tokyo, Japan). 148 
The sequences were compared with those available in the GenBank database at the DDBJ 149 
using BLASTN program (Altschul et al. 1997). The species with the highest per cent 150 
sequence identity (the closest relative) are relation with the plant pathogen except one 151 
sequence which was not in relation with plant. Following the alignment by the software 152 
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MAFFT (Katoh, Asimenos, & Toh, 2009), the nucleotide substitution rate was determined 153 
from general time-reversible model with γ-distributed rate heterogeneity and a proportion of 154 
invariant sites (GTR + G + I) and a phylogenetic tree was generated with the 155 
neighbour-joining method (Saitou & Nei, 1987) available in the software MEGA5 package 156 
(Tamura et al., 2011). The topology of the phylogenetic tree was tested by bootstrap analysis 157 
(1,000 replicates, Felsenstein 1985).  158 
 159 
Data analysis 160 
The sequences were assigned to operational taxonomic units (OTUs) using the average 161 
linkage algorithm implemented in the program mothur (ver. 1.13.0) (Schloss et al., 2009), 162 
based on two different distance levels. OTUs based on 95% and 80% sequence identity cutoff 163 
were made and used for analysis (Fig. 4-2). Whether host range of OTUs was different 164 
between SB and FB was tested by the logistic regression model with SB or FB as the 165 
responsible variable and host range of each OTU based on 80% sequence identity cutoff as 166 
the explanatory variable using the software R 3.0.1. 167 
Phylogeny among targeted plant species and their phylogenetic distances were 168 
reconstructed according to the procedure described in chapter 3. To assess the effect of host 169 
specificity of the fungal assemblage among plant species on the limitation to the success of 170 
insect rearing, pairwise similarities of the fungal assemblage among host plant species were 171 
measured by the Jaccard and Chao-Jaccard index calculated in R Statistical Software with the 172 
‘vegdist’ function in the vegan package (Oksanen and Kindt 2013). In the present study, I 173 
used OTUs of type SB for calculating the similarities of the fungal assemblage with setting 2 174 
Xyleborini species and deteriorational conditions together. Then, the relationships between 175 
the results of similarities and phylogenetic distances between plant species were tested by 176 
mantel test for the verification of the effect of host phylogeny on the fungal assemblage. For 177 
93 
this analysis, similarities both including and excluding singleton were used from the point of 178 
views of both reducing bias and keeping sampling quantity. 179 
 180 
 181 
Results 182 
 183 
From the 285 fungal colonies obtained from 95 galleries of 2 Xyleborini species, 121 184 
sequences were successfully aligned to 24 fungal families. Total species interaction between 185 
host plant species and the fungal OTUs based on 95% and 80% sequence identity cutoff was 186 
shown in Fig. 4-3 and 4-4. For Xylosandrus germanus, the number of OTUs based on 80% 187 
sequence identity cutoff was 49 units under the newest condition. Among the OTUs, the unit 188 
containing Trametes versicolor (Polyporaceae; Polyporales) as the closest relative by BLAST 189 
search was the broadest host range (7 plant species) with the most abundant (15 galleries) 190 
presenting 37% of the total X. germanus galleries. Host range of fungal OTUs utilized by X. 191 
germanus based on 80% sequence identity cutoff was 4.5 ± 1.5 (mean ± se) plant species 192 
(Table 3).  193 
For Xyleborinus saxeseni, the number of OTUs based on 80% sequence identity 194 
cutoff was 72 units. The broadest host range per OTU was 6 plant species with 14 galleries. 195 
Host ranges on average were 2.5 ± 0.50, 1.2 ± 0.13 and 1.2 ± 0.20 plant species under the 196 
newest, middle and oldest conditions, respectively. On 80% threshold OTU basis, species 197 
richness obtained from 3 plant species which covered the all deteriorational conditions were 6, 198 
12 and 8 each for newest, middle and oldest condition, respectively (Fig. 4-5). 199 
The logistic regression models with whether the gallery was successfully breeding 200 
(SB) or failed (FB) as the responsible valuable showed null model (AIC =119.9) was better 201 
than the model with host range of OTUs as explanatory valuable (AIC =120.1, coefficient = 202 
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0.25) although their difference in AIC was small. 203 
The effect of host phylogeny on host specificity of the fungi was partly significant 204 
but strongly dependent on singletons: mantel test were significant in OTUs including 205 
singletons based on 80% sequence identity cutoff (r = -0.43, P < 0.05 for Jaccard index and r 206 
= -0.43, p < 0.05 for Chao-Jaccard index; Fig. 4-6; 4-7).  207 
 208 
 209 
Discussion 210 
 211 
Host range of the fungi presented in the galleries was narrower than that of ambrosia beetles 212 
as gallery founder. For example, host range of X. germanus under the newest condition in the 213 
insect-boring galleries was 13 plant species (Chapter 3) but that of the fungi in the galleries 214 
was 4.5 plant species on average and 7 plant species even at the broadest host range based on 215 
80% sequence identity cutoff. Similarly, host range of X. saxeseni in the insect-boring 216 
galleries (11 species) were much larger than those of the fungi, i.e., 11 of 16 OTUs had only 217 
2 or less host plant species with 2.5 species on average. In chapter 3, the decrease in host 218 
range of ambrosia beetles was shown along with preceding insect breeding stages. The 219 
narrower host range of their symbiotic fungi than that of ambrosia beetles was suggested, 220 
which was supported by present results. (Brändle & Brandl, 2006) reported that 86% of the 221 
fungi species were restricted to a single tree genus, which support the idea that host range of 222 
the fungi limits the growth and reproduction of ambrosia and ambrosia beetles. 223 
The dominant species of fungi tells us the detail on the effect of host specificity of 224 
the fungi on that of ambrosia beetles. For example, Trametes versicolor, the closest relative 225 
species of the OTU dominated on X. germanus galleries but only doubleton on X. saxeseni 226 
galleries. The existence of T. versicolor largely affected the host range of two Xyleborini 227 
95 
species. Although the host ranges of two Xyleborini species at the insect-boring stage were 228 
similar, host range of X. germanus was twice as large as that of X. saxeseni at 229 
fungi-cultivating stage (data not shown), which corresponded with the abundance of T. 230 
versicolor . Therefore, T. versicolor may play an important role for host utilization and the 231 
reproduction of ambrosia beetles. Furthermore, following to the dominant OTU, the second 232 
and third dominant OTU contain Pichia and Candida, both belonging to the 233 
Saccharomycetaceae family which is famous for ambrosia fungi (Endoh, Suzuki, & Benno, 234 
2008). Although the higher frequencies of genus Pichia and Candida, 14% and 12% in 235 
abundance, were observed, the host ranges of these OTUs were relatively low. However, this 236 
might be caused by a mis-identification by ITS region. In the present study, ITS region was 237 
amplified as the most suitable site for DNA barcoding on fungi (Schoch et al., 2012), but, for 238 
Saccharomycetaceae family, the D1/D2 domain of the large subunit ribosomal DNA (LSU 239 
rDNA D1/D2) was mainly used in the previous study. Therefore, the use of D1/D2 domain 240 
may improve the classification of the fungi presented in this study. 241 
In comparison between the type SB and FB, the logistic regression models did not 242 
show the trend that the broader host range of the fungi tend to the success in breeding of 243 
ambrosia beetles. This ambiguous result may suggest that the breeding of ambrosia beetles is 244 
dependent on not only the fungi with low host specificity, such as Trametes versicolor, but 245 
also on the host-specific fungi with adapting host plant species. It may suggest the existence 246 
of ambrosia beetle that is dependent on many opportunistic fungi everywhere. 247 
 However the result of the present study is still tentative one. The analytical result 248 
on the effect of host phylogeny on the similarity of the fungal assemblage was affected by 249 
singletons and the fungal species on coniferous species (Fig.4-6; 4-7). Furthermore, the 250 
logistic regression models on OTUs based on 80% sequence cutoff was also including 251 
singletons. However, main conclusion in this study was derived from the conservative 252 
96 
manipulation in which 80% sequence cutoff for OTUs limitation was utilized. Neverthless, 253 
OTUs with the plural number also has been showing host specificity (Fig. 4-3; 4-4), which 254 
the increase of sampling quantity would promise that the result is to be reliable. 255 
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Figure and Table 
Table 4-1 The focal plant species in this study. Order was compliant based on APG III classification system.  
Species Family Order  Fungal isolation 
Tsuga diversifolia (Maxim.) Mast. Pinaceae Coniferae ○ 
Salix bakko Kimura Salicaceae Malpighiales ○ 
Fagus japonica Maxim. Fagaceae Fagales ○ 
Quercus crispula Blume Fagaceae Fagales ○ 
Magnolia obovata Thunb. Magnoliaceae Magnoliales × 
Trochodendron aralioides Siebold et Zucc. Trochodendraceae Trochodendrales ○ 
Euptelea polyandra Siebold et Zucc. Eupteleaceae Ranunculales ○ 
Cercidiphyllum japonicum Siebold et Zucc. ex Hoffm. et Schult. Cercidiphyllaceae Saxifragales ○ 
Pieris japonica (Thunb.) D.Don ex G.Don subsp. Japonica Ericaceae Ericales × 
Prunus nipponica Matsum. Rosaceae Rosales ○ 
Acer micranthum Siebold et Zucc. Sapindaceae Sapindales ○ 
Meliosma myriantha Siebold et Zucc. Sabiaceae Basaleudicot × 
Ilex macropoda Miq. Aquifoliaceae Aquifoliales ○ 
Swida controversa (Hemsl. ex Prain) Soják Cornaceae Cornales ○ 
Acanthopanax sciadophylloides Franch. et Sav. Araliaceae Apiales ○ 
Fraxinus lanuginosa Koidz. f. lanuginosa Oleaceae Lamiales × 
Wisteria floribunda (Willd.) DC. Leguminosae Fabales ○ 
Tilia japonica (Miq.) Simonk. Malvaceae Malvales ○ 
102 
Table 4-2 Sampling quantity of host plant gallery. The abundance showed the number of culture-plates. 
  Xylosandrus germanus   Xyleborinus saxeseni 
 newest  newest  middle  oldest 
  Success Failed   Success Failed   Success Failed   Success Failed 
Tsuga diversifolia (Maxim.) Mast. 1 0  - -  - -  - - 
Salix bakko Kimura - -  0 3  - -  - - 
Fagus japonica Maxim. 2 0  4 2  - -  - - 
Quercus crispula Blume 3 1  1 1  2 1  2 2 
Trochodendron aralioides Siebold et Zucc. 0 1  - -  - -  - - 
Euptelea polyandra Siebold et Zucc. 3 2  0 1  - -  - - 
Cercidiphyllum japonicum Siebold 3 0  0 4  - -  - - 
Prunus nipponica Matsum. 2 2  0 3  3 3  3 0 
Acer micranthum Siebold et Zucc. 2 2  1 1  - -  - - 
Ilex macropoda Miq. 3 0  2 3  - -  - - 
Swida controversa (Hemsl. ex Prain) Soják - -  1 3  - -  - - 
Acanthopanax sciadophylloides Franch. et Sav. 3 0  1 3  - -  - - 
Wisteria floribunda (Willd.) DC. 3 0  - -  - -  - - 
Tilia japonica (Miq.) Simonk. - -  0 2  3 1  3 3 
            
Total abundance 25 8   10 26   8 5   8 5 
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Table 4-3 host range of 2 Xyleborini species under the deteriorational 
condition based on 80% sequence identity cutoff. Singletons were excluded 
from calculations. 
Xylosandrus germanus   Xyleborinus saxeseni 
Newest   newest Middle oldest 
4.5 ± 1.5   2.5 ± 0.50 1.2 ± 0.13 1.2 ± 0.20 
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Salix bakko
Fagus japonica
Quercus crispula
Prunus nipponica
Wisteria floribunda
Acer micranthum
Tilia japonic
Cercidiphyllum japonicum
Ilex macropoda
Eleutherococcus sciadophylloides
Cornus controversa
Trochodendron aralioides
Euptelea polyandra
Tsuga diversifolia
 
Fig. 4-1. Phylogeny of focal plant species derived mainly from the dated angiosperm 
supertree (Davies et al., 2004) except Tsuga diversifolia of gymnosperm that was inserted 
into the outside of this tree, according to Jiao et al. (2011) and Bell et al. (2005). 
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Fig. 4-2. The internal transcribed spacer 1 (ITS1) barcoding threshold values in the fungal 
assemblage presented in ambrosia beetle galleries. Black circles in 95 % and 80 % were the 
operational taxonomic units (OTUs) that used for analysis in this study. 
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Fig. 4-3 Total species interaction between host plant species and fungal OTUs based on 95% sequence identity cut-off. The number is 
abundance of sequence. Simplified name of host plant species is the following: Tsuga diversifolia (Td), Salix bakko (Sb), Fagus 
japonica (Fj), Quercus crispula (Qc), Trochodendron aralioides (Ta), Euptelea polyandra (Ep), Cercidiphyllum japonicum (Cj), 
Prunus nipponica (Pn), Acer micranthum (Am), Ilex macropoda (Im), Swida controversa (Sc), Acanthopanax sciadophylloides 
(As), Wisteria floribunda (Wf) and Tilia japonica (Tj). 
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Fig. 4-4 Total species interaction between host plant species and fungal OTUs based on 80% sequence identity cut-off. The number is 
abundance of sequence. 
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Fig. 4-5. Species interaction between host deteriorational conditions and fungal OTUs based on 80% sequence identity cut-off. The number 
is abundance of sequence.
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Fig. 4-6. Plant phylogenetic distance and the Jaccard similarity of the fungal OTUs in Type 
SB based on 95% and 80% sequence identity cut-off. The relationship including singletons 
was not significant in OTUs based on 95% (Pearson r = -0.34, p = 0.11, two-sided Mantel 
test) but significant in 80% (r = -0.43, p < 0.05). The relationships excluding singletons was 
not significant in both OTUs based on 95% (r = -0.07, p = 0.76) and 80% (r = -0.13, p = 
0.50). 
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Fig. 4-7. Plant phylogenetic distance and the Chao-Jaccard similarity of the fungal OTUs in 2 
Type SB based on 95% and 90% sequence identity cutoff. The relationship including 3 
singletons was significant in OTUs based on both 95%, marginally (Pearson r = -0.35, p = 4 
0.05, two-sided Mantel test) and 80% (r = -0.41, P < 0.05). The relationships excluding 5 
singletons were both not significant in OTUs based on 95% (r = -0.15, P = 0.50) and in 6 
OTUs based on 80% (r = -0.11, P = 0.58). 7 
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Chapter 5 8 
General discussion 9 
 10 
The validity of host specificity for species estimation 11 
 12 
In chapter 2, the effect of plant diversity and phylogeny on the structure of bark and ambrosia 13 
beetle assemblage was confirmed. Especially, the relationship between angiosperm 14 
phylogeny and host specificity of ambrosia beetles was clearly shown, which consists with 15 
the history of diversification in ambrosia beetles following the diversification of angiosperms 16 
species (Farrell et al., 2001; Marvaldi, Sequeira, O’Brien, & Farrell, 2002). This result 17 
showed the validity of host specificity as the estimator of the species richness of bark and 18 
ambrosia beetle assemblage and suggested the importance of phylogenetically even sampling 19 
for the valid estimation of species richness as a whole.  20 
The first result of species estimation for ambrosia beetle in 2011 was considerably 21 
underestimation, whereas the second result from two years data improved the estimation. In 22 
chapter 3, inclusion of the effect of deteriorational conditions further improved the species 23 
estimation. The number of species presented in 2012 was more than twice as large as that of 24 
2011, which boosted the estimated species richness and resulted in overestimation on the 25 
described species in Japan. This result showed the importance of the deteriorational 26 
conditions of host plants for species diversity of ambrosia beetles and also the evolutionary 27 
relationship between ambrosia beetles and their host plants. For the expression of the 28 
relationship between host phylogenetic distance and herbivore assemblage similarity, simple 29 
linear model was used in the present study, whereas several previous studies used semi 30 
log-linear model (Novotny & Republic, 2010; Novotny et al., 2006; Ødegaard, Diserud, & 31 
Østbye, 2005). This difference may show the evolutionary trajectory of herbivore 32 
diversifications. 33 
112 
The methods used in the present study was utilized by previous studies for species  34 
estimation for herbivores (Hamilton, Novotný, & Waters, 2012; Lewinsohn, Novotny, & 35 
Basset, 2011). Although most of studies have applied to folivore insects, the present results 36 
verified the practicability of this method in general. Because ambrosia and bark beetles, or 37 
xylophagous species are the assemblage with the weakest regulation by host plant species, 38 
this method can be applied to the various insect herbivore guilds which show host specificity 39 
in degrees between that of folivore and ambrosia beetle guilds.  40 
 41 
Factors affecting the host specificity of ambrosia and bark beetle assemblage 42 
 43 
In addition to biotic factors such as guilds or host phylogeny, the effects of abiotic factor on 44 
host specificity were confirmed in chapter 2. The temporal effects on the assemblage 45 
structure was the important factor. Although sample size (number of raring logs) in 2012 was 46 
only one-third of that in 2011, the abundance in 2012 was more than three times as that of 47 
2011, which resulted in the different trend of host specificity in ambrosia beetles. Outbreaks 48 
of ambrosia and bark beetles were sometimes reported at the southern border of the European 49 
Alps (Marini, Ayres, Battisti, & Faccoli, 2012) caused by high temperature or an explosive 50 
increase of their resources following a disturbance (Werle, Sampson, & Oliver, 2011). 51 
Outbreaks could result in skewed distribution of their abundance within assemblage as a 52 
whole. When the species richness is estimated by parametric methods, these "noises" in the 53 
data strongly affect the results. Thus careful examination of the data us need for accurate 54 
estimations. 55 
As another abiotic factor, elevational gradient should be examined. Species 56 
richness of ambrosia beetles showed the elevationally nested distribution with species rich in 57 
low elevation and poor in higher elevations as shown in chapter 2. This may be because of 58 
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the sensitivity of their symbiotic fungi on the temperature (Choi, 2011; Davis & Hofstetter, 59 
2011). Several studies challenged to show the elevational trends in ambrosia assemblage 60 
(Röder et al., 2010; Tykarski, 2006; Williams, McMillin, DeGomez, Clancy, & Miller, 2008), 61 
but those were often hindered by the other factor such as outbreaks of ambrosia beetles 62 
(Chinellato, Faccoli, Marini, & Battisti, 2013). Chinellato et al. (2013) suggested that the 63 
focal elevational gradient should only a few kilometres between the lowest and highest 64 
location because the larger gradient could bring the noise from immeasurable biases. In the 65 
present study, range of the elevational gradient was 800 m from 1100 to 1800m, which might 66 
be reasonable range. This makes the result of present study highly reliable. 67 
 In chapter 3, the result showing higher host similarity among beetles on the older 68 
woody condition compared with the newer one emphasizes the importance of chemical 69 
attributes of host plants. Here the role of ethanol as an attractant of ambrosia and bark beetles 70 
is important. Because ethanol was produced by fermentation of a sugar in a reduced oxygen 71 
condition, the production is never species-specific for plants. Ambrosia and bark beetles 72 
utilize ethanol (volatile) as a cue for dying or stressed woods (Kelsey, Beh, Shaw, & Manter, 73 
2013; Moeck, 1970; Sjödin, Schroeder, Eidmann, Norin, & Wold, 1989). However species 74 
specific volatile is also emitted from their host plant (J A Byers, 2004; John A Byers, 1992; 75 
Courtois et al., 2009; Madrera, Gomis, & Alonso, 2003) and also from non-host plant 76 
(Mithöfer & Boland, 2012; Pureswaran, Gries, & Borden, 2004; Schlyter, Smitt, Sjödin, 77 
Högberg, & Löfqvist, 2004). In contrast with the role of ethanol (Edde, Toews, & Phillips, 78 
2011; White, Agosin, Franklin, & Webb, 1980), these specific volatiles directionally attract 79 
the ambrosia beetles, such as searching for their favourite hosts (Jiri Hulcr, Mann, & Stelinski, 80 
2011; Schlyter et al., 2004) and mate (Teale, Hager, & Webster, 1994). Although our study 81 
didn’t directly examine the volatile, the results suggested the shifting contribution of volatiles 82 
following host degradational phases. Kelsey (1993) reported the increase of ethanol 83 
114 
accumulation along with the days from tree-felling. The other studies showed the change of 84 
the volatile composition along with woody decay (Lindelöw, Risberg, & Sjödin, 1992; Sjödin, 85 
Schroeder, Eidmann, Norin, Wold, et al., 1989). These showed the importance of host 86 
physiologycal conditions on the host specificity of bark and ambrosia beetles in the phase of 87 
host recognition. 88 
 However, the host specificity of ambrosia beetles and their breeding success are 89 
regulated not only by the volatile but also by the other species-specific fungal flora. 90 
Compared to host range of ambrosia beetles at boring-success stage, the fewer host range of 91 
that at breeding-success stage was observed (chapter 3). This suggested the limitation of host 92 
range of ambrosia beetles by their symbionts. In chapter 4, the effects of symbiotic fungi on 93 
the host specificity and the success of the reproduction of ambrosia beetles were examined. 94 
Although the total abundance was rather small to determine the contribution of the specific 95 
fungi to the breeding success of ambrosia beetle, host specificity of the fungi was higher than 96 
that of ambrosia beetles. Furthermore, the increase of species richness in the fungi along with 97 
the preceding of the host deteriorational conditions was confirmed, which coincided with the 98 
increase in host range of ambrosia beetles with the preceding of the host deteriorational 99 
conditions. This result showed the host limitation of ambrosia beetles by the fungi. It is 100 
revealed that their novel interaction could extend host plant species.  101 
 102 
Host specificity as information for risk analysis 103 
 104 
Recently the destructive effects of invasive ambrosia and bark were reported in many 105 
countries (Harrington et al., 2011; J Hulcr & Dunn, 2011). Hulcr and Dunn (2011) emphasize 106 
the importance of the novel interaction between insect and fungi for their breeding. The 107 
present result supports this idea that host range of ambrosia beetles based on host recognition 108 
115 
and insect-boring is broader than that based on successfull utilization. 109 
The merit of bark and ambrosia beetles for the research subject of host specificity 110 
Bark and ambrosia beetles have been paid attention as a research subject of herbivore-fungal 111 
interaction (Carrillo, Crane, & Peña, 2013). Relative to the food materials of the other 112 
herbivore guilds, the nutrient content of the wood tissue is very low (Mattson, 1980), 113 
although it comprises large part of biomass in terrestrial systems. Therefore, the researchers 114 
have come to pay attention to the mutualists that help the herbivore insects to utilize host 115 
plant and their contribution on the insect host selection (Gilbert, Sapp, & Tauber, 2012; 116 
Hansen & Moran, 2013). Among the research subjects of herbivore-fungal interaction, the 117 
knowledge of the relationship between bark and ambrosia beetles and their symbionts are 118 
slowly accumulated in recent years. Therefore, the study of the relationship between bark and 119 
ambrosia beetles and their symbionts could be fruitful. 120 
 In this study, various factors regulating host specificity of bark and ambrosia 121 
beetles were examined. The present results showed that both biotic factors such as host 122 
phylogeny (chapter 2) and woody deteriorational conditions (chapter 3), and abiotic factors 123 
such as seasonal variation and elevational gradient (chapter 2) affected the host specificity in 124 
the same way as shown in other herbivore guilds(chapter 2). The effects of their symbiotic 125 
fungi on host specificity were also examined (chapter 4). As a consequence of the inclusion 126 
of various factors, the estimated species richness increased from underestimation to 127 
overestimation of the described species in Japan (chapter 2,3). The triangle relationship 128 
among host plant species, bark and ambrosia beetles and their symbiotic fungi was examined 129 
by decomposing host specificity into their major component, such as host physiological 130 
conditions and insect-life stage (chapter 3). Recent researches have also paid attention to the 131 
triangle relationship because of the risk as a pest (Jiri Hulcr et al., 2011; Ploetz, Hulcr, 132 
Wingfield, & de Beer, 2013) (Gilbert et al., 2012; Hansen & Moran, 2013; Six, 2013). The 133 
116 
examination on bark and ambrosia beetles is informative and would give many implications 134 
for that area. 135 
 136 
 137 
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Chapter 1 1 
General Introduction 2 
 3 
One of the important themes in community ecology is the estimation of potential fauna of 4 
herbivorous insect on the earth based on the relationship between plant trait evolution and 5 
counter adaptation of insects (Ehlich & Raven 1964(Janz, 2011). In this decade, many 6 
empirical studies carried out to understand the tropical mega diversity (Hulcr, Isua, & 7 
Novotny, 2007; Novotny et al., 2006; Novotny, V., Basset, Y., Miller, S. E., Drozd, P., & 8 
Cizek, 2002) and to estimate global species richness (Andrew & Hughes, 2005; Hrcek et al., 9 
2013; Mueller & Schmit, 2007; Pokon, Novotny, & Samuelson, 2005). Among the variety of 10 
models for species estimation, such as species-area relationship model, survey distance model, 11 
species-abundance distribution model, and larger sample size model, Basset et al. (2012) 12 
pointed out that “plant model” which is derived from the host specificity was the most 13 
reliable index for global species estimation (Basset, Cizek & Cuénoud, 2012). 14 
Host specificity is one of the most important property of ecological assemblage of 15 
consumer species (Pearse, Harris, Karban, & Sih, 2013), which can be expressed by classical 16 
host breadth (May & Beverton, 1990) and modern host similarity (Diserud & Odegaard, 17 
2007). For herbivore species, host plant breadth, i.e. the number of plant species fed on, is the 18 
most basic absolute index describing the insect-plant interactions. The famous "effective 19 
specialization" by Rob May (May & Beverton, 1990) is the one of the extension of this index. 20 
Host similarity, on the other hand, is the index of relative measures of host plant selection, 21 
which typically expressed by the correlation between the phylogenetic distance of host plant 22 
species and the structural similarity among herbivore assemblages on their host plants 23 
(Diserud & Odegaard, 2007; Novotny et al., 2006). With the inclusion of the information of 24 
relative host suitability, host similarity is more informative compared with host breadth as the 25 
descriptor of the insect-plant interactions (Graham & Fine, 2008). 26 
4 
 Host specificity has strong connection with the structure of consumer assemblages 27 
(Novotny et al., 2010; Poulin, Krasnov, & Mouillot, 2011) with shed a light on the 28 
evolutional relationships between plants and their consumers. Plants developed variety of 29 
defence mechanisms such as physical and chemical ones, whereas insect herbivores counter 30 
adapted to these defences by tolerance, resistance, or escape from them. These defence 31 
mechanisms and their levels varied among plant organs because of the difference in their 32 
function or chemical background (Barrett & Heil, 2012; Becerra et al., 1997). On the other 33 
hand, insect herbivore species are segregated among these different plant organs clustered as 34 
folivores (leaf), frugivore (fruit), granivore (seed) and xylophagy (wood) etc. It is well known 35 
that host specificities are largely varied among herbivore guilds(Novotny & Basset, 2005; 36 
Novotny et al., 2010).  37 
In addition to the difference among herbivore guilds, varieties of factors are 38 
proposed to affect the host specificity of herbivores (Barrett & Heil, 2012; Novotny et al., 39 
2010). The phylogenetic distribution (F Ødegaard, Diserud, & Østbye, 2005; Paul et al., 40 
2006) and the physiological and developmental status (Novotny & Basset, 2005; C. Ranger 41 
& Reding, 2012; Walling, 2008; Barrett & Heil, 2012) of host plants are the important factors 42 
regulating host specificity of herbivores because these factors affect the host utilization of 43 
herbivore insects in the various phase, such as host recognition, tolerance against defensive 44 
trait and the nutrient availability. Experimental studies that taken such factors into account 45 
are scarce with exclusively focusing on leaf-chewing guild which feed on (Novotny et al., 46 
2010). Plant leaves are evolutionally flexible and shown to be correlated with structure of 47 
folivores assemblages (Pearse & Hipp, 2009). On the other hand, the evolutional flexibilities 48 
are much lower in xylem vessel of important component for wood (Edwards, 2006; Hudson, 49 
Razanatsoa, & Feild, 2010), which may cause the slower changes in trait evolution of 50 
xylophagous insect. This should cause the interference of the factors other than changes in 51 
5 
plant traits on the adaptation of host utilization by herbivores.  52 
Bark and ambrosia beetles (Curculionidae: Scolytinae and Platypodinae), which are 53 
often cited as the example of generalist herbivore (Hulcr et al., 2007), are good candidates to 54 
examine the effect of plant trait evolution on the structure of herbivore assemblage as the 55 
opposite extreme of the specialist, folivore guilds. Larvae of ambrosia beetle grow and fed on 56 
the fungal tissue with pieces of xylem (xylomycetophages) or only the symbiotic fungi as 57 
their exclusive diet (mycetophages; JIRI Hulcr, MOGIA, Isua, & Novotny, 2007) (Fig. 1-1 to 58 
1-4). On the otherhand, bark beetle is largely dependent on nutrient rich phloem 59 
(phloeophagous) as their resources, although some larvae of bark beetles consume not only 60 
phloem but also their symbiotic fungi as their supplemental diet (mycophloeophagous; Six, 61 
2013) (Fig. 1-5 to 1-6).The preferential uses of coniferous trees by bark beetles are well 62 
known because of commercial importance of these interactions (Ploetz, Hulcr, Wingfield, & 63 
de Beer, 2013). In contrast, host of ambrosia beetles is mainly composed of broadleaf tree 64 
species (Ploetz et al., 2013). Although ambrosia beetles may not be intrinsic herbivores 65 
because of their larger dependence on fungi, they are treated as herbivore guild in broad 66 
sense because ambrosia beetles have evolved from herbivorous bark beetles multiple times 67 
(Farrell et al. 2001) and because host recognition of them is based on plant volatile, same as 68 
other herbivore guilds (Wood, 1982).  69 
On the previous study, however, a few studies examined the effect of plant 70 
phylogeny on assembly pattern of beetles for the ambrosia and bark beetles (JIRI Hulcr et al., 71 
2007). The broadest host breadth was reported for this insect guild with the effect of plant 72 
phylogeny on the assemblage structure being confirmed (Novotny et al., 2010). These are 73 
rather strange situation because the broader host range should lead to the less effect of plant 74 
phylogeny on herbivore assemblages. The effects of symbiotic fungi on this relationship are 75 
expected to explain this strange situation by host limitation of their symbiotic fungi. In 76 
6 
particular, the study of host specificity (susceptibility) in the ambrosia symbiotic fungi to 77 
plant have just begun because classification of them was based on morphology of 78 
conidiophores in 20 century (Gebhardt & Oberwinkler, 2005; Kubono & Ito, 2002; 79 
Massoumi Alamouti, Tsui, & Breuil, 2009). The examination of the triadic relationship 80 
should offer the general understandings of the factors regulating the host selection by 81 
ambrosia and bark beetles. 82 
In this thesis, the results of field experiments with standardized sampling procedure 83 
were represented to reveal the factors affecting the host selection and species estimation by 84 
ambrosia and bark beetles. In chapter 2, the results of field experiment examining the effect 85 
of host plant phylogeny on host specificity of bark and ambrosia beetle were presented. In 86 
this chapter, the broader host range of ambrosia beetle assemblage than other folivore guilds 87 
were presented with the effect of host phylogeny on host specificity, which followed the 88 
result of previous studies. Elevational gradient of abiotic factor affected on species richness. 89 
Especially, seasonal variation of environment affected abundance and as a result, host 90 
specificity and species estimation varied between seasons. In chapter 3, the results of field 91 
experiment examining the effect of host deteriorational conditions and insect’s life-stage on 92 
host specificity were presented. In this result, higher host specificity and species richness in 93 
the older condition were confirmed. As a result, species estimation resulted in overestimation 94 
whereas the result of previous chapter was considerably underestimation. From this study, the 95 
important of the volatile for host specificity of ambrosia beetles in the same way as the other 96 
herbivore guilds with feeding live plant tissue, was recognized again. Furthermore, the 97 
decrease of host ranges along with insect’s life-stage was confirmed. It is suggests that the 98 
rearing process might be regulated by the decomposition process, i.e. the effect of fungi. In 99 
Chapter 4, to confirm the effect of the symbiotic fungi on host specificity of ambrosia beetle, 100 
the flora of fungi on ambrosia beetle galleries of 2 Xyleborini species, Xyleborinus 101 
7 
saxeseni(Ratzeburg) (Fig.1-7) and Xylosandrus germanus (Blandford) (Fig. 1-4) was 102 
examined based on the molecular analysis followed by the cultivation. The result showed 103 
host range of the fungi was narrower than that of ambrosia beetles of the gallery-founder, 104 
which suggests the limitation of the fungi to host specificity of ambrosia beetles and their 105 
success of rearing. Furthermore, the galleries of the older condition tend to rich in fungal 106 
species. Finally in general discussion, the factors examined in this thesis from biotic factors, 107 
such as guilds, host phylogeny, host physiological conditions and their symbiotic fungi to 108 
abiotic factor, such as seasonal variation of environment and elevational gradient are 109 
discussed on the basis of host specificity and the estimation of species richness of ambrosia 110 
and bark beetles in local assemblages. These results should be fruitful for forest-agriculture 111 
management, because the ambrosia and bark beetles are known to be a most influential forest 112 
pest in both temperate and also tropical forest worldwide (Six, 2013). Furthermore, the 113 
contribution of their symbiotic fungi to ambrosia beetles give us the clue to clarify the 114 
process to establish the novel host plant and expansion of geographic ranges, which are 115 
frequently reported on the earth (J Hulcr & Dunn, 2011). 116 
 117 
 118 
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Figure and Table 186 
 187 
Fig. 1-1 The galleries of Xyleborus seriatus Blandford on Quercus crispula Blume. 188 
 189 
 190 
Fig. 1-2 The gallery of Scolytoplatypus tycon Blandford on Meliosma Myriantha Sieb. et. 191 
Zucc. 192 
12 
 193 
 194 
 195 
Fig. 1-3 The progeny of Xylosandrus crassiusculus (Motschulsky) on Quercus crispula 196 
Blume. 197 
 198 
 199 
Fig. 1-4 The gallery of Xylosandrus germanus (Motschulsky) on Acanthopanax 200 
sciadophylloides Franch. et Savat. This species is one of the most famous 201 
ambrosia beetles for pest species. 202 
13 
 203 
Fig. 1-5 The gallery of bark beetle species, Hylesinus laticollis Blandford, on 204 
Prunus nipponica Matsumura 205 
 206 
 207 
Fig. 1-6 The gallery of bark beetle species, Coccotrypes nubilus (Blandford), on 208 
Prunus nipponica Matsumura 209 
 210 
 211 
Fig. 1-7 Ambrosia beetle species, Xyleborinus saxeseni (Ratzeburg). 212 
 213 
14 
Chapter 2 1 
The effect of host phylogeny on host specificity of bark and ambrosia 2 
beetles 3 
 4 
Abstract 5 
 6 
Understandings of the effect of host plant phylogeny on the structure of herbivore assemblage 7 
should be useful for estimating global species richness of herbivores. Here I test the 8 
relationship between host plant phylogeny and ambrosia and bark beetle assemblages 9 
including ambrosia beetle assemblage that has been considered to have the lowest host 10 
specificity among plant-dependent guilds. These results of local scale were used for 11 
estimating regional species richness by extrapolating to the number of Japanese plant order 12 
and species, and the estimated numbers were compared with the numbers of described 13 
species in Japan. Tree trunks of 17 plant species representing 17 orders of all major lineages 14 
of Japanese tree flora were exposed for collecting wood boring beetle species. A total of 12 15 
ambrosia and 4 bark beetle species was collected. Similarity of both ambrosia and bark beetle 16 
assemblages showed a significant negative trend with phylogenetic distance between focal 17 
host plant species. The regression model for this relationship was well fitted by linear model 18 
whereas previous study used semi-log model, which should suggest a difference in 19 
mechanism of host utilization with host taxonomic levels. In comparison between 20 
experimental researches, our result showed the broader host range of ambrosia beetle 21 
assemblage in temperate forest than that from the only comparable study in tropical rainforest. 22 
Species richness estimated is lower than the described species in Japan, suggesting more 23 
broader scale research.  24 
 25 
Keywords. Host specificity, ambrosia and bark beetle, host plant phylogeny, temperate mixed 26 
forest, species estimation27 
15 
 1 
Introduction  2 
 3 
Host specificity of herbivorous insects is the range of host plants they can utilize. The degree 4 
of host specificity of herbivorous insects, which ranges from monophagous (specialist) to 5 
polyphagous (generalist), has been associated with adaptive strategies toward host plants with 6 
variation in defensive capability, such as chemical compounds and physical traits (Ødegaard 7 
et al. 2005; Agrawal and Fishbein 2006; Agrawal 2007). Both the quality and the quantity of 8 
plant defence differ among plant parts (e.g., leaf or wood), which should influence the 9 
variation of host specificity among herbivore guilds that are classified according to their uses 10 
of plant parts. Host specificity of herbivorous insects is one of the key predictors of patterns 11 
of biodiversity (Novotny et al. 2002; Ødegaard et al. 2005) and has been widely used in 12 
calculating the local as well as global magnitude of species richness (Novotny et al. 2002; 13 
Novotny et al. 2012; Hamilton et al. 2010). Recent research in a tropical rainforests showed 14 
that the model using host specificity “plant model” is best for estimating the species richness 15 
of herbivore and even nonherbivore taxa among six models examined (Basset et al. 2012). 16 
These emphasize the importance of rigorous measurements of the host specificity for the 17 
biodiversity estimates. 18 
 Heretofore host specificity had been commonly measured by the host range that is 19 
the absolute measure of diet breadth such as the number of host plant species per herbivore 20 
species. On the other hand, recent researches have begun to show the relationship between 21 
phylogenetic distance of host plant species and the similarity of herbivorous assemblages 22 
(Ødegaard et al. 2005; Brändle and Brandl 2006; Hulcr et al. 2007; Gilbert and Webb 2007; 23 
Novotny et al. 2010). Unlike host range, the similarity of herbivorous assemblages is a 24 
relative measure of the difference in host selection between herbivore species (Ødegaard et al. 25 
16 
2005). This relative index enables the analysis of effects of host phylogenetic relatedness on 1 
host selection (Ødegaard et al. 2005; Weiblen et al. 2006; Novotny et al. 2010). Local host 2 
specificity of an herbivore is expected to be sensitive by phylogenetic equivalence of 3 
taxonomic ranks (e.g., species, genus and family) and the diversity of the available host plant 4 
species (Novotny et al. 2010; Weiblen et al. 2006). Thus, the inclusion of phylogenetic 5 
relatedness among host plant species is needed and should improve ecological estimates of 6 
local as well as global species richness of herbivores (Ødegaard et al. 2005).  7 
Despite such importance of the measurements of the host specificity for estimating 8 
global species diversity, only small numbers of guilds were used in the previous studies. 9 
Compare to the wealth of preceding studies on the folivore guilds that contain leaf chewer of 10 
the highest host specificity, any other herbivore guilds are poorly examined (Novotny et al. 11 
2010). More tangible data of host specificity of the guilds other than folivores are needed for 12 
improving ecological estimates of whole herbivores. Ambrosia and bark beetles are the insect 13 
guilds that utilize dying or dead plant materials, especially tree trunks. Ambrosia beetle guild 14 
shows the lowest host specificity among whole herbivore guilds (Novotny et al. 2010), 15 
although bark beetle guild shows relatively high host specificity. According to Novotny et al. 16 
(2010), ambrosia beetles are categorized as fungal chewing guild with mainly feeding on 17 
their symbiotic fungus cultivated inside the sapwood of dying or dead hosts. The bark beetles 18 
are categorized as phloem chewing guild because of mostly feeding on nutrient-rich phloem, 19 
despite that they occasionally forced to feed on fungi with living on weaken and decaying 20 
host trees (Six 2012). Because it is known that ambrosia beetles have evolved from 21 
herbivorous bark beetles multiple times (Farrell et al. 2001), this guild is treated as herbivore 22 
guild in a broader sense in the present study (Hulcr et al. 2007; Novotny et al. 2010). With 23 
these backgrounds, whether the host specificity of ambrosia beetles is meaningfully 24 
influenced by the host plant phylogeny is important, because this result suggests that 25 
17 
phylogenetically localized sampling should lead to a misestimation from a true value of 1 
species richness. 2 
However, previous studies on host specificity of ambrosia beetles were restricted to 3 
those depend on literature searches (Beaver 1979; Brändle and Brandl 2006) or experimental 4 
evidence with confusing result (Hulcr et al. 2007). Thus, an accurate local estimate of species 5 
richness of ambrosia beetles requires sampling from taxonomically broad range of hosts with 6 
considering taxonomic rank of host plants. In this study, host specificity of ambrosia and bark 7 
beetle assemblages among tree species was examined in a cool-temperate mixed forest and 8 
this result was compared with that of previous study in tropical rainforests (Hulcr et al. 2007). 9 
I also provide the validity of regional species richness estimated by using the result of host 10 
specificity comparing to described numbers of species in Japan. Furthermore, these results 11 
may offer an economic significance at the pest control. Many of ambrosia and bark beetle 12 
species are known as insect pest involved in tree diseases and causing considerable value loss 13 
to wood products (Alfaro et al. 2007; Hulcr and Dunn 2011). Our results of phylogenetic 14 
relatedness between hosts in these insect assemblages not only show the importance of 15 
phylogenetic diversity for estimating species richness using by the number of plant species, 16 
but also might offer the valuable information when I predict design of quarantine regulations 17 
in international trade of timbers and the wood products and risk analysis of invasive species 18 
(Gilbert, Magarey, Suiter, & Webb, 2012; Gilbert & Webb, 2007).  19 
 20 
 21 
Materials and methods 22 
Study area and plant species 23 
 24 
18 
The study was conducted in a mosaic of primary cool-temperate mixed forest of Tochimoto 1 
Tract, the University of Tokyo Chichibu Forest in central Japan (35° 54ʹ′ N, 138° 49ʹ′E). 2 
Primary forest is dominated by Fagus japonica, Fagus crenata or Tsuga sieboldii in lower 3 
altitudes and Tsuga diversifolia in higher altitudes (The University of Tokyo Chichibu Forest, 4 
2011). Average annual temperature during 1996-2010 is 11.0°C and average annual rainfall 5 
is 1514.2 mm at Tochimoto (The University of Tokyo Chichibu Forest 2011). 6 
 For the field experiment, 17 tree species from 17 orders were selected so that they 7 
were locally abundant, and represented all major lineages (at order level) of dicotyledonous 8 
plant species with an exception of one conifer (Tsuga diversifolia, Pinaceae) (Fig.2-1 and 9 
Table 2-1. This assemblage included 8 plant orders that overlap with the study by Hulcr et al. 10 
(2007) using 10 orders in tropical rainforests of Papua New Guinea. In this study, I followed 11 
the taxonomic nomenclature by Y-list (Yonekura and Kajita 2003) that support APGII.  12 
 13 
Insect sampling 14 
 15 
The study was conducted from 2011 to 2012. In 2011, every month from June to August, 16 
healthy tree individuals of 17 species were cut in Chichibu Forest and prepared as 17 
100-cm-long bolts for baits. The diameter of bolts ranged from 4.4 to 12.2 cm (7.6 ± 1.6, 18 
mean ± SD). The end sections of each bolt were coated with paraffin wax to prevent 19 
desiccation. These bolts were left on the forest floor in each of three elevations (1100m, 20 
1450m, and 1800m asl.) and exposed to insect attacks for about 80 days (76, 83, and 77 days 21 
for each month, respectively), while covered by coarse mesh net (16 mm × 16 mm of mesh 22 
size) to prevent deer grazing. In total, 27 bolts (3 months × 3 elevations × 3 replicates) were 23 
prepared for each tree species. In 2012, the condition of the experiment was the same as in 24 
2011 except as follows: healthy tree bolts of 17 species were exposed next to the bolts in the 25 
19 
middle of deteriorational conditions and for 104 days from 16 June. The diameter of bolts 1 
ranged from 3.8 to 14.5 cm (7.8 ± 2.4, mean ± SD). In total, 612 bolts, i.e. 17 species × 4 2 
months × 3 elevations × 3 replicates were used for the present study.  3 
After the exposure, the assemblage of ambrosia and bark beetle species in each bolt 4 
was determined by dissecting. All entry holes on the surface of the inner bark or that of 5 
phloem after debarking were marked and the beetle individuals within the holes were 6 
collected. The number of entry holes, which is equal to the number of galleries, was counted 7 
by matching the holes on inner bark and phloem. In this study, this number of entry holes was 8 
taken as a sampling unit. Insects under the bark were checked first, and then those in the 9 
sapwood were checked by breaking the bolts. Insects collected from each gallery were kept 10 
separately in a bottle with 70% ethanol. Thereafter, adults were pinned for further 11 
identification. The beetles were sorted into morphospecies and were subsequently identified 12 
to species by H. Goto (Forestry and Forest Products Research Institute, Kyushu, Japan). 13 
Ambrosia or bark beetle species were distinguished by references from the list of scolytine 14 
species (Kabe 1959; Nobuchi 1971; Hulcr and Smith 2010). Voucher specimens were 15 
deposited in the main campus of Chiba University.  16 
 17 
Data analysis 18 
 19 
The following analysis were carried out basically on the all data set (2010 + 2011) and a part 20 
of which was done only for 2011 data because of the different condition in sample size and 21 
duration of exposure between two years. 22 
For assessing whether samples include large part of rare species (see Hulcr et al. 23 
2007), the observed species richness was compared with the potential species richness 24 
estimated by the simulation implemented in the EstimateS 9 software (Colwell et al. 2012; 25 
20 
Fig. 2-2). Species incidence curves were derived from total number of scolytine species 1 
(composed of both ambrosia and bark beetle species) with each bolt using the Mao Tau 2 
function (an analytical analogue of a rarefaction curve derived from randomized resampling). 3 
The curve of the potential scolytine species richness without sampling bias was estimated 4 
using Chao 2 statistics based on the number of bolts in EstimateS 9, similarly. This estimator 5 
performs well for samples with a substantial proportion of rare species and with potentially 6 
many species not sampled (Colwell et al. 2004). Then, species incidence curves from 7 
observation were compared with that of Chao 2. Complete data including singletons which is 8 
the species only one entry hole was found throughout the present study were used for 9 
construction of the species accumulation curves. 10 
Generalized linear model (GLM) with Poisson distribution was used to search for 11 
the preference of beetle species to various factors. We designated abundance or species 12 
richness of insect (pooled by bolt as a unit) as the response variable, with exposed elevation 13 
(continuous variables), exposing date (continuous variables), host plant species that insect 14 
appeared (17 categories), the maximum diameter of the bolt (continuous variables), wood 15 
density of the bolt (continuous variables) as explanatory variables. Log function was used as 16 
the link function. We checked the Akaike information criteria (AIC) for selecting the best 17 
model by stepwise method (backward process). 18 
To estimate phylogenetic distances between plant species, phylogenetic 19 
relationships among targeted plant species (except Tsuga diversifolia) were reconstructed 20 
based on a dated angiosperm supertree using Phylocom (Webb et al. 2008) that contains the 21 
standalone version of Phylomatic (Davies et al. 2004). This tool joins the targeted species at 22 
the appropriate place to a larger phylogenetic tree, maintaining the branch lengths in the base 23 
tree, and prunes all intervening taxa. The result is an ultrametric tree with branch lengths 24 
reflecting estimated time between branching events. After making phylogenetic tree 25 
21 
composed of angiosperm species, Tsuga diversifolia was included in this tree as an outgroup 1 
at 190 MYA (Million Years Ago), according to the time of the gene duplication event that 2 
occurred near the split of extant gymnosperms and angiosperms (Jiao et al. 2011) and 3 
according to an analysis of morphological data containing fossils and molecular data (Bell et 4 
al. 2005). Pairwise phylogenetic distances between all plant species were calculated by the 5 
‘cophenetic’ function of R Statistical Software (R Development Core Team 2010) from 6 
newick file of phylogenetic tree data loaded by ‘read.tree’ function of the ‘ape’ package 7 
(Paradis et al. 2004).  8 
Pairwise similarities among beetle assemblages of each tree species were measured 9 
by the Jaccard index by quantifying the average proportion of shared species between 10 
assemblages. Chao–Jaccard index which provides robust results even for incomplete samples 11 
with numerous rare and unsampled species (Chao et al. 2005) were also calculated. 12 
Chao–Jaccard index was calculated on raw abundance data and estimated in R Statistical 13 
Software with the ‘vegdist’ function in the vegan package (Oksanen and Kindt 2007). 14 
Because these indexes calculate the dissimilarity among assemblages, I convert these to 15 
similarity by subtracting them from 1. Significance of the correlation between the similarity 16 
of beetle communities and the phylogenetic distance of their host plant species was tested by 17 
two-sided Mantel test (99,999 runs) by ‘mantel’ function in the ‘ecodist’ package.  18 
To reduce the bias in calculating the similarity, the data on beetle assemblages were 19 
standardized by excluding singletons. This procedure of excluding singletons was also 20 
applied to the calculations of number of host species and species richness per host. According 21 
to Novotny et al. (2010), less informative records were excluded from the analysis. Singleton 22 
species and the single plant-insect interaction, i.e. the interaction between  species and  23 
plant species based one indiviulal, were excluded. Furthermore, because of the specific beetle 24 
22 
fauna on conifer tree species (Brändle & Brandl, 2006), the procedure excluding the results 1 
from conifer species was also tried. 2 
The total theoretical species richness of both ambrosia and bark beetles in Japan 3 
was estimated first by the species-accumulation curves of Mao Tau function from 4 to 17 4 
plant species. Second, using this curves with a power function, species richness were 5 
extrapolated based on the number of plant order and species described in Japan with being 6 
tallied based on Japanese flora of the approximate number of woody plants (Satake et al. 7 
1989) with the recalculation following the APG III classification system (Bremer et al. 2009). 8 
For both ambrosia and bark beetles, complete data including singletons were used for 9 
construction of the species accumulation curves. The effective specialization, i.e. the 10 
proportion of herbivorous species feeding on a particular host plant that was unique, was 11 
estimated as F = Sp ⁄ Tph, i.e. as the ratio of the total number of herbivorous species found on 12 
all hosts studied (Sp) divided by the number of trophic interactions involving these hosts 13 
(Tph) (May and Beverton 1990). This index is closed to 1 with increasing monophagy in the 14 
assemblage and to 0 with increasing polyphagy. In this index, singletons were also excluded 15 
from analysis.  16 
 17 
 18 
Results 19 
 20 
From the results of 2011, 12 ambrosia beetle and 4 bark beetle species were sampled from 21 
437 holes in the 459 bolts (17 species × 3 months × 3 elevations × 3 replicates), (Table 2-2). 22 
For ambrosia beetle, the number of species obtained at 1100m, 1450m and 1800m was 11, 5 23 
and 2, respectively. For bark beetle, these were 2, 1 and 1, respectively. The ambrosia beetle 24 
assemblage clearly showed a nested pattern in the host plant association with altitude (Table 25 
23 
2-2). The species accumulation curve for complete data containing singletons has almost 1 
reached the Chao 2 estimate of the total number of species in 2011 (Fig. 2-2), which suggests 2 
that samples include large part of rare species was enough to analysis. However there was 3 
some difficulty to confirm whether or not the species accumulation curve for the entire data 4 
set including the data from 2012 reached an asymptote. Regardless of one-third of sampling 5 
bolts in 2012 compared with 2011, 18 ambrosia beetle and 2 bark beetle species were 6 
sampled from 3281 holes in the 153 bolts, whereas 12 ambrosia beetle and 4 bark beetle 7 
species in 2011. The number of species obtained at 1100m, 1450m and 1800m was 12, 8 and 8 
8 species for ambrosia beetle and 2, 2 and 2 species for bark beetle, respectively. 9 
Elevationally nested pattern for ambrosia beetles was confirmed from data obtained in 2011 10 
and the entire data set although the species with a few individuals was out of the nested 11 
pattern (Table 2-2). For bark beetles, species richness in 2012 was 2 species whereas species 12 
richness in 2011 was 4 species. Their appearance pattern of bark beetles was restricted to 13 
specific elevation in 2011. Although the pattern was partly loose in 2012, the center of 14 
gravity of abundance was retained.  15 
In ambrosia beetles, the number of host plant species per beetle species ranged 16 
from 1 to 13 with the average number of species being 6.1 in 2011(2-3). The average number 17 
of species was 4.9 in 2012, and was 6.0 for the sum of the two years result. The species with 18 
broadest host range (i.e. 13) was Xyleborinus saxeseni with 69 holes in 2011 but was 19 
Xyleborinus germanus in 2012, which was appeared in 14 plant species. There was only 20 
monophagous ambrosia beetle species; Scolytoplatypus shogun with 2 holes from Acer 21 
micranthum (Sapindales) but this species was also appeared in Tsuga diversifolia in 2012. In 22 
addition, 2 ambrosia species also appeared to be monophagous but were collected only as 23 
singletons, and thus partly excluded from the analysis of host specificity in 2011 (Table 2-2). 24 
Average species richness per host was 4.5 for ambrosia beetles in 2011, which did not differ 25 
24 
from that in 2012. In bark beetle species, the average number of host plant species being 2.0 1 
in 2011 and 3.5 in 2012 (Table 2-3). Only Coccotrypes nubilus was polyphagous species with 2 
the abundance of 12 holes from 5 host plant species in 2011 and 91 holes from 6 host plant 3 
species in 2012, which pushed up the average number of host plant for bark beetles. Average 4 
species richness per host was 0.7 in 2011 and 1.2 in 2012, respectively. 5 
In GLM and subsequent model selection procedure for the beetle abundance, the 6 
model with exposing date, wood density of the bolt, exposed elevation and host plant species 7 
as the explanatory variables was selected as the best model (Table 2-4). In the selected model, 8 
wood density (coefficient = 2.33, p < 0.001) had the strongest effects on the abundance. On 9 
the other hand for the species richness, the model with exposing date, exposed elevation and 10 
host plant species was selected as the best model (Table 2-4). Exposing date had positive 11 
effects on both the abundance (coefficient = 0.07, p < 0.001) and the species richness 12 
(coefficient = 0.05, p < 0.001) in the best models. 13 
From data obtained in 2011, both Jaccard and Chao–Jaccard similarity indexes 14 
between beetle assemblages significantly decreased with the phylogenetic distance of their 15 
host plant species (Table 2-5) in ambrosia beetles (r = -0.579, P = 0.001 for Jaccard index, 16 
Fig. 2-3 and r = -0.492, P = 0.03 for Chao–Jaccard index, Fig. 2-4 by Mantel test) and bark 17 
beetles (r = -0.637, P = 0.04 and r = -0.612, P = 0.04, respectively). Although, from all data 18 
containing data obtained in 2012, there was no significance in both ambrosia beetle (r = -0.16, 19 
p = 0.40 for Jaccard index and r = 0.16, p = 0.31 for Chao–Jaccard index) and bark beetles (r 20 
= -0.13, p = 0.73 and r = -0.47, p = 0.16, respectively), broad-leaf species still have slightly 21 
effect on the beetle assemblages (r = -0.44, p = 0.05 in ambrosia beetles and r = -0.41, p = 22 
0.06 for Jaccard index, Table 2-5). On bark beetles, the effect of phylogenetic distance were 23 
also confirmed by the other procedures of reducing the sampling bias, i.e., excluding the 24 
25 
single plant-insect interactions (r = -0.64, p = 0.02 for Jaccard index and r = -0.56, p = 0.04 1 
for Chao–Jaccard index, respectively, Table 2-6). 2 
The estimated number of species from the extrapolation based on the number of 3 
plant order and plant species were 16 and 49 for ambrosia beetles, and 7 and 81 for bark 4 
beetles in 2011, respectively (Fig. 2-5). From all data, on the other hand, the estimated 5 
number of species extrapolated from plant order and species from all data were 25 and 77 for 6 
ambrosia beetles, and 7 and 75 for bark beetles, respectively. The effective specialization of 7 
herbivorous species (F) of ambrosia beetle guild was 0.16 and bark beetle guild was 0.5 in 8 
2011 whereas 0.26 and 0.44 in 2012, respectively. 9 
 10 
 11 
Discussion 12 
 13 
For ambrosia beetle species, the mean host range shown in this study (6.0 ± 1.5, mean ± SE, 14 
Table 2-3) from the all data was broader than that reported in the study (3.76, mean) by Hulcr 15 
et al. (2007). By examining the gradient in host specificity with latitudinal cline, Beaver 16 
(1979) suggested that the ambrosia beetle species, unlike other herbivore guilds, were less 17 
host-specific in the tropical rainforest than temperate forest. The present study showed that 18 
the host range of ambrosia beetles in temperate forest is broader than those in tropical 19 
rainforest. On the other hand, species richness of ambrosia beetles per host in our study (4.4 ± 20 
0.5, means ± SE) was significantly lower than that in Hulcr et al. (2007) (12.8 ± 1.9, V. 21 
Novotny personal communication as a co-author). Furthermore, the degree of effective 22 
specialization was lower than the value in previous study in tropics (Novotny et al. 2010). 23 
These results suggest that α-diversity per host plant species in temperate forest is lower than 24 
that in tropical rainforest with relatively large number of generalist being present in temperate 25 
26 
forest. Including the lower diversity of host plant species in temperate forests than tropical 1 
rainforests (Fischer 1960; Macarthur 1972), all of these factors should contribute to the lower 2 
local diversity of ambrosia beetle species in temperate forests.  3 
For bark beetle assemblage, host range was within the range of variation (standard 4 
deviation) of the result of Novotny et al. (2010) in tropical rainforest, which suggests that 5 
host specificity of bark beetle assemblage between temperate and tropical rainforests is 6 
similar. However, our conclusions are based on only 4 species, and further study on the 7 
susceptible range of host plant species and /or inclusion of geographical variation is needed 8 
for a confirmation of these tentative results.  9 
The effect of plant phylogeny on the replacement of composition of ambrosia 10 
beetle species among host plant species was also evident: similarity of the assemblages on 11 
plant species showed significant negative trend with host phylogenetic distance in accordance 12 
with the previous result (Novotny et al. 2010). Although, the result containing data obtained 13 
in 2012 showed no significant trend, the existence of broad-leaf species were stably affected 14 
the trend of similarity, which was showed in the relationship between the Jaccard’s similarity 15 
and the host phylogenetic distance which used only angiosperms from data obtained in 2011 16 
and combined data with data of 2012 (Fig. 2-5). The existence of coniferous species unstably 17 
affected the trend of similarity in between 2011 and 2012 (see Fig. 2-3, Fig. 2-4 and Table 18 
2-5): the existence of Tsuga diversifolia had weaken the effect of plant phylogeny on beetle 19 
assemblages in 2012. Angiosperms is main host of ambrosia beetles and regarded as the 20 
contributor of their speciation from bark beetles which used gymnosperms as their main host 21 
(Farrell & O’Meara 2001; Marvaldi, Sequeira, O’Brien, & Farrell, 2002). It is also known 22 
that some ambrosia beetles shifts back to gymnosperms after diversification (Marvaldi et al, 23 
2002). The present result, which showed the clear effect of angiosperms and the ambiguous 24 
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effect of gymnosperms on the host specificity of ambrosia beetles, might support their 1 
ancestral history.  2 
Novotny et al. (2012) which shares a lot of focal plant taxa at order level with the 3 
present study (see Table 2-1) showed the significant effect of plant phylogeny from the same 4 
data but used the similarity measured by Jaccard index which is based on species incidence 5 
(i.e., presence/absence) data. As Hulcr et al. (2007) pointed out, bark and ambrosia beetles 6 
uses species-specific chemical compounds for searching their suitable host and mate, which 7 
could cause pseudo-replicated distribution of their abundance among individual bolts. The 8 
result from Jaccard similarity that is robust against abundance might be able to catch the 9 
effect of host phylogeny. The other notable difference is that Hulcr's study sampled during 3 10 
seasons (2002-2005) with the same size sampling, whereas our study sampled in 2 season of 11 
full size sampling in 2011 and a third part of sample size in 2012. In fact, the season could be 12 
one of the critical factors on host specificity of both bark and ambrosia beetles because of the 13 
results that the abundance of both beetles in 2012 is 3.7 times as abundant as that of 2011 14 
with the greatly increase of the number of polyphagous species, regardless to the less sample 15 
size in 2011. For example, the broadest host range species of bark beetles was Coccotrypes 16 
nubilus and its abundance increased from 12 (32%, the rate in the guild) to 79 (68%) during 17 
2011-2012, whereas species richness of the guild in 2012 was half times as that of 2011 18 
(Table 2-3). As a consequence, the effect of plant phylogeny on host specificity of bark 19 
beetles was low reliability and dependent on only one interaction between Tsuga diversifolia 20 
of coniferous species and C. nubilus in all data (see Table 2-6, excluding single interaction). 21 
For ambrosia beetles, although species richness was increased from 12 to 19, abundances of 22 
species of the broadest host range in 2011 (Xyleborinus saxeseni) and in 2012 (Xylosandrus 23 
germanus) also increased from 69 (17%) to 771 (53%). These changes suggest that data 24 
obtained in 2011 and 2012 was compositionally different and the season is the important 25 
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factor for host specificity. These methodological differences above influence the effect of 1 
plant phylogeny on similarity of bark and ambrosia beetle assemblages. However, even under 2 
these circumstances, because none of the published studies other than Hulcr's one are found 3 
on bark and ambrosia species comparable with our study, thus I present the results on the 4 
comparison with the study. 5 
In the present study, the relationship between phylogenetic distance and similarity 6 
between assemblages was described as linear. On the other hand, previous studies had shown 7 
nonlinear relationships (Ødegaard et al. 2005; Novotny et al. 2010). For example, Ødegaard 8 
et al. (2005) carried out their analysis by fitting nonlinear regression model (semi log-model). 9 
Novotny et al. (2010) also showed significant negative trend by the semi log-model (note that 10 
the axis of the phylogenetic distance in their article is logarithmic expression). In our case, 11 
however, simple regression model was well fitted on the assemblage data at orders levels of 12 
host plant. The reason why the semi log-models explained more of the variance than simple 13 
linear models might be the extremely unbalanced high similarity at inter-genus levels in the 14 
previous studies. On this basis, Ødegaard et al. (2005) mentioned that the most recent 15 
taxonomic branching events are most important for host utilization among herbivores. As 16 
Anderson et al. (2011) recommended in the context of β-diversity (spatial replacement of 17 
species), the comparison of the rate of turnover among assemblages would provide effective 18 
tools for understanding the meaning and the effect of the gradient examined (Anderson et al. 19 
2011). The detection of the inflection point of the relationship between the phylogenetic 20 
distance and similarity among assemblages and the causes of this inflection might be 21 
important to understand the evolutionary trajectory of herbivore diversifications.  22 
Although the significant relationship between host phylogenetic distance and the 23 
similarity between both ambrosia and bark beetle assemblages gives validity to some degree 24 
for estimation of species richness using the number of the plant species examined, the 25 
29 
estimated numbers of species by the extrapolation based on the number of Japanese plant 1 
order (16 ambrosia and 7 bark beetle species, respectively) and species (49 ambrosia and 81 2 
bark beetle species) using data obtain in 2011 were far less than currently described numbers 3 
of species in Japan (see Fig. 2-5). These results of underestimation still remain even if using 4 
the two-year’s data. According to the list of Japanese Scolytidae and Platypodidae (Goto 5 
2009) and the references of ambrosia and bark beetles (Kabe 1959; Hulcr and Smith 2010), 6 
119 species of ambrosia beetles and 201 species of bark beetles are described. Our results 7 
with considerable underestimation clearly suggest the effects of the other factors not 8 
examined in the present study. Especially, host physiological conditions and geographical 9 
gradient (β-diversity), e.g., altitudinal and latitudinal gradient, and landscape heterogeneity 10 
(Novotny et al. 2012; Rosenzweig 1995) should be taking into account for explaining the gap 11 
between the estimated and described species richness. In fact, GLM analysis suggested that 12 
the exposing date was also effectible on species richness (Table 2-4), which suggests the 13 
deteriorational conditions of woody tissue affect on host specificity of bark and ambrosia 14 
beetles. This effect was examined in the following chapter. On the other hand, In regard to 15 
the elevation, I controlled the factor in this study but did not estimate species accumulation 16 
curves by considering each elevation separately, because the structure of ambrosia beetle 17 
assemblages was highly nested based on lower elevation to higher ones (Table 2-2). For bark 18 
beetle assemblage, there were too few species to draw species accumulation curves for each 19 
elevation, but the trend of higher specificity to different elevations requests the continuous 20 
examination on the altitudinal factor. Whether or not the pattern was nested should have a 21 
relationship with their radiation to humidity and temperatures in ambrosia beetle and bark 22 
beetle (Atkinson and Equihua-Martinez 1986; Hoffstetter et al. 2007; Farrell et al. 2001; Six 23 
2012). On the other hand, with regard to the geographical heterogeneities from the subarctic 24 
to the subtropics, the relative abundance of each plant species is decreasing with the 25 
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increasing distance from suitable site for regeneration. In these condition in Japan, it is 1 
difficult in one study site to take a sufficient sample from plant species that are locally less 2 
abundant, because the abundance of bark and ambrosia beetle species is correlated with 3 
resource availability of host plant species (Bussler et al. 2011) and some species prefer larger 4 
size tree individuals (Amman 1977, Hijii et al. 1991). Furthermore, although our survey only 5 
focused on the variation of assemblage in order level of host plants only, more complex 6 
pattern at the lower taxonomic levels (e.g., co-ordinal, confamilial and congeneric) is 7 
expected. In fact, compare to the ratios of the numbers of described species between 8 
ambrosia and bark beetle, which were 37% and 63%, the expected ratios by extrapolation 9 
based on the number of Japanese plant species were more closer than those based on 10 
Japanese plant order  as shown in Figure 2-5. As suggested by Novotny et al. (2012), this 11 
result does not directly show herbivore species richness for large floras, but species richness 12 
of plant dependent insect for Japanese floras, but suggests that host plant phylogeny of lower 13 
taxonomic level, such as difference between plant species has an effect on the evolution of 14 
the herbivore species of even the lowest host plant specificity. 15 
 The other critical factor affecting host plant selection by ambrosia beetle may be 16 
their symbiotic fungi (Belmain et al. 2002; Hulcr and Dunn 2011). Species composition of 17 
symbiotic fungi should be also examined to understand host plant range of ambrosia beetle 18 
species. Recently, Hulcr et al. (2011) reported that the expansion of the damage to wood 19 
products by some invasive ambrosia beetles is related to the increased probability of novel 20 
combinations between ambrosia beetle and their symbiotic fungi by the increase of remote 21 
artificial migration of beetles through commercial timber trade. So it is just conceivable that 22 
broadening of host-plant range of ambrosia beetles with latitude gradient is reflected on 23 
redundancy in symbiotic fungi used by ambrosia beetles (Roe et al. 2011). Because these 24 
symbiotic fungi are known to decrease their metabolic activity with decreasing temperature 25 
31 
(Hofstetter et al. 2007), it is reasonable that the redundancy of symbiont was lower in higher 1 
latitude. In fact, species richness of ambrosia beetles was elevationally nested with species 2 
rich in low elevation (Table 2-2). Therefore the examination of these three components, i.e. 3 
ambrosia and bark-beetles, host plant and their symbiotic fungi, with environmental gradients 4 
would be required for the understanding of holistic image of host selection. Furthermore this 5 
knowledge would provide not only quantitative information for analysing agricultural 6 
impacts when the insect species invade unnatural habitat, but also the insights for the 7 
regulation of host range with showing the possibility of host shifts and the identification of 8 
alternative hosts. 9 
 10 
 11 
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Table and Figure 
Table 2-1 The focal plant species in this study. Order was compliant based on APG III classification system. Wood densities (g cm–3) are 
averages from 27 bolts per species. Species with round stamp were overlapped with those examined by Hulcr et al. (2007) at order level. 
Species Family Order Wood density Hulcr et al. (2007) 
Tsuga diversifolia (Maxim.) Mast. Pinaceae Coniferae 0.95 - 
Salix bakko Kimura Salicaceae Malpighiales 0.74 ¡ 
Fagus japonica Maxim. Fagaceae Fagales 0.92 - 
Magnolia obovata Thunb. Magnoliaceae Magnoliales 0.78 ¡ 
Trochodendron aralioides Siebold et Zucc. Trochodendraceae Trochodendrales 0.96 - 
Euptelea polyandra Siebold et Zucc. Eupteleaceae Ranunculales 0.89 - 
Cercidiphyllum japonicum Siebold et Zucc. ex Hoffm. et Schult. Cercidiphyllaceae Saxifragales 0.84 - 
Pieris japonica (Thunb.) D.Don ex G.Don subsp. Japonica Ericaceae Ericales 0.86 ¡ 
Prunus nipponica Matsum. Rosaceae Rosales 0.91 ¡ 
Acer micranthum Siebold et Zucc. Sapindaceae Sapindales 0.76 ¡ 
Meliosma myriantha Siebold et Zucc. Sabiaceae Basaleudicot 0.87 - 
Ilex macropoda Miq. Aquifoliaceae Aquifoliales 0.89 - 
Swida controversa (Hemsl. ex Prain) Soják Cornaceae Cornales 0.88 - 
Acanthopanax sciadophylloides Franch. et Sav. Araliaceae Apiales 0.73 - 
Fraxinus lanuginosa Koidz. f. lanuginosa Araliaceae Lamiales 0.86 ¡ 
Wisteria floribunda (Willd.) DC. Leguminosae Fabales 0.6 ¡ 
Tilia japonica (Miq.) Simonk. Malvaceae Malvales 0.66 ¡ 
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Table 2-2 List of species of ambrosia and bark beetles examined in the present study. The host range and elevations at which they were obtained 
were also shown. Round stumps showed the presence of the species at the elevation. Platypus modestus Blandford and Scolytoplatypus mikado 
Blandford were excluded from the analysis of host specificity because of the singletons. 
Guild Subfamily Tribe Species 
Host range 
ABD 
2011 2012 
2011 2012 1100m 1450m 1800m 1100m 1450m 1800m 
Ambrosia beetle  Platypodidae Platypodini Platypus severini Blandford 2 9 4 0 0 26 0 0 
(Fungal chewers) Platypodidae Platypodini Platypus modestus Blandford 1 8 1 0 0 41 23 3 
 Xyloterini Trypodendron Trypodendron proximum (Niisima) 0 1 0 0 0 0 4 0 
 Scolytinae Scolytoplatypodini Scolytoplatypus mikado Blandford 1 
1 1 0 0 0 0 0 
 Scolytinae Scolytoplatypodini Scolytoplatypus shogun Blandford 1 
1 0 2 0 0 0 1 
 Scolytinae Scolytoplatypodini Scolytoplatypus tycon Blandford 0 
1 0 0 0 0 0 34 
 Scolytinae Scolytoplatypodini Scolytoplatypus daimio Blandford 0 1 0 0 0 0 0 7 
 Scolytinae Xyleborini Ambrosiodmus lewisi (Blandford) 3 7 4 0 0 9 0 0 
 Scolytinae Xyleborini Ambrosiodmus rubricollis (Eichhoff) 4 2 5 0 0 3 0 0 
 Scolytinae Xyleborini Xyleborus sp. 1* 0 1 0 0 0 0 1 0 
 Scolytinae Xyleborini Xyleborus sp. 4* 0 1 0 0 0 0 1 0 
 Scolytinae Xyleborini Xyleborus sp. 5 0 3 0 0 0 6 0 0 
 Scolytinae Xyleborini Xyleborus sp. 6* 0 1 0 0 0 1 0 0 
 Scolytinae Xyleborini Xyleborus minutus Blandford 5 5 10 0 0 12 3 1 
 Scolytinae Xyleborini Xyleborus seriatus Blandford 7 3 26 5 0 32 197 4 
 Scolytinae Xyleborini Xylosandrus crassiusculus (Motschulsky) 12 
7 180 3 0 41 60 0 
 Scolytinae Xyleborini Xylosandrus germanus (Blandford) 12 
14 58 32 1 62 695 14 
 Scolytinae Xyleborini Xyleborinus saxeseni (Ratzeburg) 13 
11 60 8 1 78 82 8 
 Scolytinae Xyleborini Xyleborinus attenuatus (Blandford) 2 4 2 0 0 7 0 0 
Bark beetle  Scolytidae Hylesinini Hylesinus laticollis Blandford 1 1 22 0 0 0 0 0 
(Phloem chewers) Scolytinae Dryocoetini Cyrtogenius brevior (Eggers) 1 1 2 0 0 25 12 1 
 Scolytinae Dryocoetini Coccotrypes nubilus (Blandford) 5 
6 0 12 0 35 42 2 
  Scolytinae Dryocoetini Dryocoetes hectographus Reitter 1 0 0 0 2 0 0 0 
* species excluded from the analysis because of the small sample sizes
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Table 2-3 Results of generalized linear models (GLMs) for the factors affecting (i) abundance and (ii) 1 
species richness for insect beetles. Poisson distribution and log link function were used in the models. 2 
The models with the fewest AIC were selected as the best models.  3 
 4 
(i) Abundance   Coefficient 
Std. 
Error 
z value 
(Wald-test)   
Intercept 
 
-4.6 0.42 <0.0001 *** 
Exposing date 
 
0.07 0.00 <0.0001 *** 
Density 
 
2.33 0.24 <0.0001 *** 
Exposing elevation 
 
-0.002 0.00013 <0.0001 *** 
Host Pieris japonica -16.76 300.04 0.955 
 
 
Meliosma myriantha -1.18 0.20 <0.0001 *** 
 
Fagus japonica 0.43 0.14 0.002 ** 
 
Cercidiphyllum japonicum -0.19 0.15 0.214 
 
 
Fraxinus lanuginosa -1.23 0.21 <0.0001 *** 
 
Acanthopanax sciadophylloides -0.15 0.18 0.414 
 
 
Acer micranthum 1.03 0.12 <0.0001 *** 
 
Tsuga diversifolia -0.18 0.15 0.229 
 
 
Tilia japonica -1.49 0.30 <0.0001 *** 
 
Prunus nipponica -0.68 0.17 <0.0001 *** 
 
Salix bakko -0.63 0.21 0.002 ** 
 
Euptelea polyandra -1.81 0.29 <0.0001 *** 
 
Wisteria floribunda -0.68 0.22 0.002 ** 
 
Magnolia obovata -2.27 0.35 <0.0001 *** 
 
Swida controversa 0.03 0.15 0.819 
  Trochodendron aralioides -3.67 0.59 <0.0001 *** 
 5 
(ii) Species richness   Coefficient 
Std. 
Error 
z value 
(Wald-test)   
(Intercept) 
 
-0.582 0.563 0.301 
 Exposing date 
 
0.048 0.004 <0.0001 *** 
Exposing elevation 
 
-0.003 0.004 <0.0001 *** 
Host plant species Pieris japonica -17.554 819.93 9.83E-01 
 
 
Meliosma myriantha -2.442 0.737 <0.001 *** 
 
Fagus japonica 0.602 0.259 0.02 * 
 
Cercidiphyllum japonicum 0.083 0.289 0.773 
 
 
Fraxinus lanuginosa -0.363 0.326 0.265 
 
 
Acanthopanax sciadophylloides -0.191 0.31 0.538 
 
 
Acer micranthum 0.559 0.244 0.022 * 
 
Tsuga diversifolia -0.302 0.32 0.345 
 
 
Tilia japonica -0.833 0.379 0.028 * 
 
Prunus nipponica 0.000 0.295 1 
 
 
Salix bakko -0.07 0.302 0.817 
 
 
Euptelea polyandra -0.938 0.393 0.017 * 
 
Wisteria floribunda -0.938 0.393 0.017 * 
 
Magnolia obovata -1.19 0.432 0.006 ** 
 
Swida controversa 0.361 0.272 0.184 
  Trochodendron aralioides -2.037 0.614 <0.001 *** 
The marks means >.05 * , >.01** , >.001***, respectively. 6 
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Table 2-4 Mean number of host plant species, Mean species richness per host and the effective specialization, F of the both ambrosia 1 
and bark beetle assemblages. The brackets were SE.  2 
  Mean number of host range Mean species richness per host Effective specialization 
  2011 2012 all 2011 2012 all 2011 2012 all 
Ambrosia beetle 6.1 ± 1.5 4.9 ± 1.0 6.0 ± 1.2 4.5 ± 0.6 4.9 ± 0.7 6.4 ± 0.7 0.16 0.21 0.26 
Bark beetle 2.0 ± 1.0 3.5 ± 2.5 2.3 ± 1.3 0.7 ± 0.2 1.2 ± 0.2 1.3 ± 0.2 0.5 0.29 0.44 
 3 
Table 2-5 The correlation matrix of plant phylogenetic distance and the similarity of ambrosia and bark beetles. r is Pearson correlation 4 
coefficient. p-value was derived from two-sided mantel test and the result was shown as follows; >.06 † ,>.05 * , >.01** , >.001***, 5 
respectively. 6 
  
Ambrosia beetle 
 
Bark beetle 
  
2011 2012 all 
 
2011 2012 all 
Jaccard Index All Plant species -0.57*** -0.12 -0.16 
 
-0.64* 0.1 -0.13 
 
Broad leaf -0.47** -0.19 -0.44† 
 
-0.41† -0.52 -0.41† 
Chao-Jaccard Index All Plant species -0.49* -0.06 -0.16 
 
-0.61* -0.63 -0.47 
 
Broad leaf -0.23 -0.14 -0.31 
 
-0.48† -0.01 -0.33 
 
 7 
Table 2-6  The correlation matrix of plant phylogenetic distance and the similarity of ambrosia and bark beetles from all data with procedures 8 
for reducing the sampling bias by excluding the single interaction and insect species appeared in a single bolt. r is Pearson correlation coefficient. 9 
p-value was derived from two-sided mantel test and the result was shown as follows; >.06 † ,>.05 * , >.01** , >.001***, respectively. 10 
  
Ambrosia beetle   Bark beetle   
Jaccard Index Excluding single interaction -0.20 -0.64* 
 
Excluding single tree -0.05 -0.64* 
Chao-Jaccard Index Excluding single interaction -0.18 -0.56* 
  Excluding single tree -0.16 -0.56* 
42 
 1 
Fig. 2-1. Phylogeny of focal plant species derived mainly from the dated angiosperm 2 
supertree (Davies et al., 2004) except Tsuga diversifolia of gymnosperm that was inserted 3 
into the outside of this tree, according to Jiao et al. (2011) and Bell et al. (2005). 4 
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Fig. 2-2. Species accumulation and an estimate of total species richness calculated by using 2 
only data obtained in 2011 (a) and both two years data (b). Complete data for all ambrosia 3 
and bark beetle species and all 17 plant orders were included. Solid line was species 4 
accumulation curve derived analytically and thin dotted lines around solid line were 95% 5 
confidence intervals. Dashed line with dotted was Chao 2 estimate of the total number of 6 
species. 7 
8 
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Fig. 2-3. Plant phylogenetic distance and the Jaccard similarity of ambrosia and bark beetle 3 
assemblage. In 2011, The relationship was significant in ambrosia beetle assemblage (a, 4 
Pearson r = -0.579, P = 0.001, two-sided Mantel test) and in bark beetle assemblage (b, r = 5 
-0.637, P = 0.04), whereas in two years including 2012 was not significant,in ambrosia beetle 6 
assemblage (c, r = -0.16, P = 0.40) and in bark beetle assemblage (d, r = -0.13, P = 0.73). 7 
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Fig. 2-4. Plant phylogenetic distance and the Chao–Jaccard similarity of ambrosia and bark 3 
beetle assemblage. The relationship was significant in ambrosia beetle assemblage (a, 4 
Pearson r = -0.492, P = 0.03, two-sided Mantel test) and in bark beetle assemblage (b, r = 5 
-0.612, P = 0.04), whereas in two years including 2012 was not significant,in ambrosia beetle 6 
assemblage (c, r = -0.16, P = 0.32) and in bark beetle assemblage (d, r = -0.47, P = 0.17). 7 
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Fig. 2-5. Species accumulation curve of ambrosia and bark beetle assemblages. The Mao Tau 2 
species-accumulation curves are shown from the results of the average herbivore species on 3 
4–17 plant species (4-17 plant orders, equally), and extrapolated to the number of plant 4 
species and order in Japan, using power functions. After extrapolation to 40 plant orders (a, 5 
c) 1500 plant species (b, d) in Japan, the estimated number of ambrosia and bark beetle 6 
species in Japan is 16 and 7 (by plant orders, a) and 49 and 81 (by plant species, b) in 2011. 7 
On the other hand, the estimated number of ambrosia and bark beetle species is 25 and 7 (by 8 
plant orders, c) and 77 and 75 (by plant species, d), respectively from all data. 9 
 10 
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Chapter 3 1 
The effect of host deteriorational-conditions on the host specificity of 2 
ambrosia and bark beetles 3 
 4 
Introduction 5 
 6 
In the previous chapter, the effects of various factors, such as elevational gradient as abiotic 7 
factor and host plant phylogeny and density of wood tissue as biotic factors on the diversity 8 
of bark and ambrosia beetle guilds (Curculionidae: Scolytinae and Platypodinae) were 9 
examined. It is confirmed that the difference in species richness and host range between the 10 
guilds, especially the broadest-host range of ambrosia beetles, could offer the valuable 11 
information for host specificity of herbivore insects that is majorly occupied by the research 12 
of leaf-chewing guilds. However, the result of Chapter 2 for species estimation using host 13 
specificity was highly underestimation. Host specificity is the result of the evolutional 14 
consequence of herbivore insects. Herbivore diversity is also dependent on the adaptation 15 
against the specific defense on their food habitat (Barrett & Heil, 2012; Rasmann & Agrawal, 16 
2011), such as the the xylophagous guilds against woody lignin (Geib et al., 2008; 17 
Morgenstern, Klopman, & Hibbett, 2008; Wainhouse, Cross, & Howell, 1990). Therefore, 18 
their variation in food habits would be the important factor for host specificity and species 19 
richness. 20 
For bark and ambrosia beetles (Curculionidae: Scolytinae and Platypodinae), host 21 
specificity can vary with the physiological change of woody tissue because they utilize it 22 
mainly under deteriorational conditions, such as the stressed, dying and dead phase. Under 23 
deteriorational conditions, biochemical compounds that are an important key of host 24 
specificity for many herbivore (Becerra et al., 1997; Ehrlich & Raven, 1964) are emitted by 25 
woody plant. For example, Kelsey (1994) showed that ethanol emitted from stressed- or 26 
decaying- woody tissues (Pseudotsuga menziesii (Mirb.)) increased along with the dates from 27 
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felling. This was synchronized with the increasing attacks of ambrosia beetles. Woody plant 1 
species volatize various combination of monoterpenes constitutionally and ethanol 2 
additionally under stressed and decaying conditions (Kelsey, 2001; Schlyter, 2004). The 3 
composition of these chemicals shifts as deterioration proceeds, which affect the assemblage 4 
of bark and ambrosia beetles attracted to the woods (Lindelöw, Risberg, & Sjödin, 1992; 5 
Sjödin, Schroeder, Eidmann, Norin, & Wold, 1989).  6 
The important aspects for the bark and ambrosia beetles are that the feeding habits 7 
of this group are not only regulated by the change of host plant tissue like herbivore, but also 8 
simultaneously dependent on their symbiotic fungi. Because of this, it is difficult to judge 9 
what extent host specificity of their guilds are dependent on host plant or fungi. For the 10 
herbivorous insects, it is necessary to go through a process from recognizing plant as host to 11 
exploiting it successfully (Pearse, Harris, Karban, & Sih, 2013; Wood, 1982). In the case of 12 
bark and ambrosia beetles, as well as the other guilds, it is the precondition that insect and 13 
plant are co-occurrence spatio-temporally (Fig. 3-1). Then, (i) parents of gallery founder need 14 
search plant and recognize it as host (insect-attracted stage). In insect-attracted stage, host 15 
and non-host volatile affect the recognition of plant as host (J A Byers, 2004; Schlyter, 2004). 16 
If parents successfully find their host plant, then, (ii) parents must be able to bore pholem and 17 
xylem with tolerance to defensive traits of host (insect-boring stage). If parents successfully 18 
cultivate their host plant, finally, (iii) their progeny must be able to feed fungal and plant’s 19 
resource and successfully grow up to adulthood (fungi-cultivating stage). For ambrosia 20 
beetles, fungi-cultivating stage is important because whether insects successfully breed or not 21 
is strongly dependent on their symbiotic fungi (J Hulcr & Dunn, 2011; Six, 2012). 22 
Furthermore, (ⅳ) insect and their progeny need successfully escape from enemies during all 23 
stages. 24 
Many of ambrosia and bark beetle species are known as insect pest involved in tree 25 
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diseases and causing considerable value loss to wood products (Evans, Crane, Hodges, & 1 
Osborne, 2010; Orbay, McLean, Sauder, & Cottell, 1994). Recently, an increase of pest risk 2 
by novel insect-fungal interaction have been receiving attention (Jiri Hulcr & Dunn, 2011). 3 
Relationship between similarity of beetle assemblage among host plant and hosts’ 4 
phylogenetic distance show not only the reliability of host specificity as indicator of species 5 
estimation, but also as a predictor of pest risk by insect-fungal interaction with plant (Gilbert, 6 
Magarey, Suiter, & Webb, 2012). Additively, dividing host specificity by the rearing stage 7 
can tell us pest risk partitioned into insect and fungi. Host specificity by the 8 
deterioration-stage also tells us the exposure risk of wood corresponding the time elapsed 9 
from cutting day, which would also suggesting the place of bark and ambrosia beetles as 10 
herbivore or more holistic position. 11 
This chapter examines host specificity and species diversity of bark and ambrosia 12 
beetles with focusing on the host deteriorational-conditions and the stages of host utilization 13 
by insects in a cool-temperate mixed forest. The present study tested whether the relationship 14 
between host specificity of beetle assemblage and hosts’ phylogenetic distance differs among 15 
their stage of host utilization. Furthermore, whether this relationship varies among the degree 16 
of deterioration. The samples were taken from taxonomically broad range of hosts with 17 
considering phylogeny of host plants and from 3 levels of deterioration stages. 18 
 19 
 20 
Materials and methods 21 
Study area and plant species 22 
 23 
The study was conducted in a mosaic of primary cool-temperate mixed forest of Tochimoto 24 
Tract, the University of Tokyo Chichibu Forest in central Japan (35° 54ʹ′ N, 138° 49ʹ′E) 25 
50 
during 2011-2012. Primary forest is dominated by Fagus japonica, Fagus crenata or Tsuga 1 
sieboldii in lower altitudes and Tsuga diversifolia in higher altitudes (The University of 2 
Tokyo Chichibu Forest, 2011). Average annual temperature during 1996-2010 is 11.0°C and 3 
average annual rainfall is 1514.2 mm at Tochimoto (The University of Tokyo Chichibu 4 
Forest 2011). 5 
 For the field experiment, 18 tree species from 17 orders were selected so that they 6 
were locally abundant, and represented all major lineages (at mainly order level) of 7 
dicotyledonous plant species with an exception of one conifer (Tsuga diversifolia, Pinaceae) 8 
(Fig.3-2 and Table 3-1). Relative to the previous study, I added Quercus crispula Blume as 9 
focal plant species with considering their dominance. In this study, I followed the taxonomic 10 
nomenclature by Y-list (Yonekura and Kajita 2003).  11 
 12 
Insect sampling 13 
 14 
For controlling the degree of deterioration (oldness), healthy tree individuals of 18 species 15 
were cut 3 times before the time of exposure; December in 2011 (oldest), April in 2012 16 
(middle) and June in 2012 just before exposure (newest) in the Chichibu Forest (Fig. 3-3). All 17 
tree individuals were prepared as 100-cm-long bolts when cutting. In total, 27 bolts (3 18 
oldness × 3 elevations × 3 replicates) were prepared for each tree species and the diameter of 19 
bolts ranged from 4.0 to 14.3 cm (7.6 ± 2.0, mean ± SD). These bolts which were packed 20 
with fine meshed net bags to protect from insect attacks before exposure were left on the 21 
forest floor in each of three elevations (1100m, 1450m, and 1800m asl.) and exposed for 104 22 
days, while covered by coarse mesh net (16 mm × 16 mm of mesh size) to prevent deer 23 
grazing. Following exposure, these bolts were packed again and were detained for further 100 24 
days in order to verify whether insects in host plant of exposed bolts could rear or not. These 25 
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period are expected to be mostly only one generation for insects because the insect voltinism 1 
in the study site is expected to be one because the majority of seasonal abundance of bark and 2 
ambrosia beetle species caught by bait trap showed uni-modal peak from spring to Autumn 3 
(Saito, Goto, Hirao, & Kamata, 2013). 4 
After insect rearing, bark and ambrosia beetle species were sampled by dissecting 5 
and their stages of host utilization in each hole were determined by following criterion. At the 6 
beginning, all entry holes on the surface of the inner bark or that of phloem after debarking 7 
were marked and the beetle individuals within the holes were collected. The number of entry 8 
holes, which is equal to the number of galleries, was counted by matching the holes on inner 9 
bark and phloem. In this study, this number of entry holes was taken as a sampling unit, in 10 
the same way as the previous study. Insects under the bark were checked, and then those in 11 
the sapwood were checked by breaking the bolts with being careful about the stage of insect 12 
rearing as shown below (Fig. 3-1): (i) what kind of species is in the hole of each plant 13 
(insect-attracted stage), (ii) whether parents of gallery founder is dead or alive (insect-boring 14 
stage), (iii) the existence of eclosed individuals which contain larvae, pupa or juvenile 15 
(fungi-cultivating stage), and (ⅳ) regardless of the stage, whether the gallery is occupied by 16 
carnivore or not. Thereafter, adults were pinned for further identification. The beetles were 17 
sorted into morphospecies and were subsequently identified to species by H. Goto (Forestry 18 
and Forest Products Research Institute, Kyushu, Japan)(under setting). Bark or ambrosia 19 
beetle species were distinguished by references from the list of scolytine species (Kabe 1959; 20 
Nobuchi 1971; Hulcr and Smith 2010). Voucher specimens of both insects and their galleries 21 
were deposited in the main campus of Chiba University. 22 
In this study, some galleries were also sampled for further evidence of insect 23 
species and their successful breeding. Although almost occupied galleries by carnivore 24 
missed adult insect as conclusive evidence for species identification, the gallery form is also 25 
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useful for identification in the second. So the founder of the gallery that was under carnivore 1 
occupation, was identified by both references from the illustrated reference book of scolytine 2 
species gallery (Kabe 1959) and from gallery sample collected in this study. Vacant gallery is 3 
also informative for insect attraction but was not used analysis. Data of each stage is nested 4 
and composed of the following (Fig. 3-1). (i) data of “insect-attracted stage” consist of only 5 
occupied by focal insect in the gallery. Then, this data is used for (ii) data of “insect-boring 6 
stage” by dividing whether the parents on the gallery is dead or alive. Furthermore, data of 7 
alive is used for (iii) data of “fungi-cultivating stage” by dividing whether successfully 8 
breeding or failed to breeding. In this stage, I judged the success of the insect-rearing by the 9 
existence of their progeny, because several researches reported that the observations of other 10 
ambrosia beetles laid eggs only after the symbiont is growing in galleries (Biedermann, 11 
Klepzig, & Taborsky, 2009; Castrillo, Griggs, Ranger, Reding, & Vandenberg, 2011; 12 
Kajimura & Hijii, 1992; Weber & Mcpherson, 1983). Lastly, regardless of stages, (ⅳ) data of 13 
“carnivore” is composed of occupied by carnivore.  14 
 15 
Data analysis 16 
 17 
For assessing whether samples include large part of rare species, the observed species 18 
richness was compared with the potential species richness estimated by the simulation 19 
implemented in the EstimateS 9 software (Colwell et al. 2012; Fig. 3-4), according to Hulcr 20 
et al. (2007) as described in the previous chapter (Watanabe et al., 2014). For bark beetles, 21 
the following analysis was not tested except species estimation because the number of species 22 
was only three species which was too small try multi-dimensional analysis. 23 
To estimate phylogenetic distances between plant species, phylogenetic 24 
relationships among targeted plant species (except Tsuga diversifolia) were reconstructed 25 
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based on a dated angiosperm supertree using Phylocom (Webb et al. 2008) that contains the 1 
standalone version of Phylomatic (Davies et al. 2004). This tool joins the targeted species at 2 
the appropriate place to a larger phylogenetic tree, maintaining the branch lengths in the base 3 
tree, and prunes all intervening taxa. The result is an ultrametric tree with branch lengths 4 
reflecting estimated time between branching events. After making phylogenetic tree 5 
composed of angiosperm species, Tsuga diversifolia was included in this tree as an outgroup 6 
at 190 MYA (Million Years Ago), according to the time of the gene duplication event that 7 
occurred near the split of extant gymnosperms and angiosperms (Jiao et al. 2011) and 8 
according to an analysis of morphological data containing fossils and molecular data (Bell et 9 
al. 2005). Pairwise phylogenetic distances between all plant species were calculated by the 10 
‘cophenetic’ function of R Statistical Software (R Development Core Team 2010) from 11 
newick file of phylogenetic tree data loaded by ‘read.tree’ function of the ‘ape’ package 12 
(Paradis et al. 2004).  13 
Pairwise similarities among ambrosia beetle assemblages of each tree species were 14 
measured by the Jaccard index by quantifying the average proportion of shared species 15 
between assemblages. Chao–Jaccard index that provides robust results even for incomplete 16 
samples with numerous rare and unsampled species (Chao et al. 2005) were also calculated. 17 
Chao–Jaccard index was calculated on raw abundance data and estimated in R Statistical 18 
Software with the ‘vegdist’ function in the vegan package (Oksanen and Kindt 2007). 19 
Because these indexes calculate the dissimilarity among assemblages, I convert these to 20 
similarity by subtracting them from 1. Significance of the correlation between the similarity 21 
of beetle communities and the phylogenetic distance of their host plant species was tested by 22 
two-sided Mantel test (99,999 runs) by ‘mantel’ function in the ‘ecodist’ package. To reduce 23 
the bias in calculating the similarity, the data on beetle assemblages were standardized by 24 
excluding singletons as recommended in Novotny et al. (2010). This procedure of excluding 25 
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singletons was also applied to the calculations of number of host species and species richness 1 
per host. 2 
To assess the decrease of host range with the host-deteriorational conditions and 3 
the stages of host utilization, the number of host plant species in a condition and a stage was 4 
measured by assemblage scale (pooled by a stage in a condition) or species scale (the average 5 
of host range by species in a stage and a condition). For species scale, to examine effects of 6 
the stages of host utilization, the difference of host range between insect-attracted stage 7 
(occupied) and insect-boring stages (live) were used as the difference of host range in 8 
“insect-dependent stage” whereas between insect-boring stages (live) and fungi-cultivating 9 
stage (succeeded) were measured as the difference of host range in “fungi-dependent stage”. 10 
Then, Paired difference t-test was verified to test the significances of the decrease of host 11 
range between insect-dependent stage and fungi-dependent stage. On the other hand, for the 12 
test of the host-deteriorational conditions, the differences of host range between newest and 13 
middle conditions, middle and oldest conditions and oldest and newest conditions were 14 
measured. 15 
Finally, the total theoretical species richness of ambrosia beetles in Japan was 16 
estimated by the species-accumulation curves of Mao Tau function from the slope of 4–18 17 
plant species. The detailed is described in the previous chapter (chapter 2, Data analysis). In 18 
this analysis, complete data obtained in both 2011 and 2012 including singletons were used 19 
for construction of the species accumulation curves.  20 
 21 
 22 
Results 23 
 24 
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From 7036 holes in the 486 bolts (18 species × 3 oldness × 3 elevations × 3 replicates), 27 1 
ambrosia beetle and 3 bark beetle species were sampled (Table 2-3). For ambrosia beetle, the 2 
number of species obtained the condition of newest, middle and oldest was 19 (4), 17 (1) and 3 
22 (5), respectively (The brackets were the number of species that presented only specific 4 
conditions). Xylosandrus germanus (Blandford) showed the most broadest host range (17 5 
plant species) and the most numerous number of galleries (1581 holes) presenting almost 6 
54% of the number of total galleries on ambrosia beetles. Xyleborinus saxeseni (Ratzeburg) 7 
showed the second broadest host (15 plant species). For bark beetle, these were 2, 3 and 2, 8 
respectively. After this, bark beetle species was excluded from analysis except species 9 
estimation because of scarcity.  10 
The species accumulation curve for the entire data set has not reached an asymptote, 11 
but is approaching the Chao 2 estimate of the total number of species (Fig. 3-4), suggesting 12 
that the majority of the local species were represented in the analysis.  13 
Under the oldest condition of insect-attracted stage, Jaccard and Chao-Jaccard 14 
index similarity of ambrosia beetle assemblage among host plant species as relative index of 15 
host specificity was significant relationship with hosts’ phylogenetic distance (Table 3-4; 16 
Fig.3-5; 3-6). Host specificity of the middle condition also showed significant relationship 17 
from insect-attracted to insect-boring stages continuously, especially with phylogenetic 18 
distance of angiosperm species. On the other hand, host specificity of newest condition 19 
showed low relationship with host phylogeny: the relationship at failed to breeding in 20 
fungi-cultivating stage was significant.  21 
 The decrease of host range along with the stages of host utilization was clear for 22 
assemblage scale (Table 3-5): 2 host plant species were decreased between insect-boring 23 
stage (live) to fungi-cultivating stage on average, regardless to only 13% decrease on 24 
abundance basis (Fig. 3-1). For species scale, all of the decreases of host range among stages 25 
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were significant. Among them, the decrease of host range in fungi-dependence stages was 1 
also larger than insect-dependence stages for all of the deterioration oldness. On the other 2 
hand, along with the host-deterioration conditions, the differences of host range were larger 3 
between oldest- and newest-conditions (0.65) or oldest- and middle-conditions (0.65) than 4 
newest- and middle-conditions (0.02). 5 
 The estimated number of species from the extrapolation based on the number of 6 
plant order (40 orders) and plant species (1500 tree species) were 36 and 136 for ambrosia 7 
beetles, and 7 and 65 for bark beetles in 2011, respectively (Fig. 3-7).  8 
 9 
 10 
Discussion 11 
 12 
The number of species of ambrosia beetles in this study was 27 species and was more than 13 
twice as large as that in 2011(12 species). Although this study added Quercus crispula Blume 14 
as focal plant species relative to the study in 2011, the effect of Q. crispula on the increase of 15 
species richness was limited. Ambrosia beetle species that presented only Q. crispula was 16 
only one species, Xyleborus sp.2. Condition specific species that presented only newest- and 17 
oldest- condition were 4 and 5 species, respectively (Table 3-2), which showed the strong 18 
effect of host deteriorational-conditions on host specificity. 19 
As a result, estimated total species richness in ambrosia beetles extrapolated from 20 
the result of host specificity to the number of plant order and species were increased from 21 
that of the previous chapter (i.e., 77 to 136 species extrapolated from plant species, Fig. 2-5d). 22 
However, compared with the described species in Japan, 119 species in ambrosia beetles, 23 
these results were rather confusing. For the ambrosia beetle species extrapolated from plant 24 
species, it was the overestimation, which suggests the sufficient number for the extrapolation 25 
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of ambrosia beetle species may correspond with the higher taxonomic level than plant species 1 
level and their evolutionary rate may correspond with the time scale. On the other hand, the 2 
underestimation of bark beetle species extrapolated from plant species was confirmed, 3 
regardless to the increase of focal plant species (Q. crispula), and the decrease of species 4 
richness made the slope of species accumulation curve weakened. Deterioration conditions 5 
also affect the slope of bark beetles to be weak by increasing host range of only polyphagous 6 
species, Coccotrypes nubilus (Blandford). Relative to ambrosia beetles, bark beetles are 7 
dependent on plant tissue itself and they are the more host specific guild (JIRI Hulcr, 8 
MOGIA, Isua, & Novotny, 2007). Therefore, this result suggests that bark beetles are more 9 
like folivores with higher host specificity, whereas ambrosia beetles are more like detrivore. 10 
Recently, the validity of classification of guilds between bark and ambrosia beetles has been 11 
suspected because they are both dependent on their symbiotic fungi for food resources to 12 
some extent (Jiri Hulcr & Dunn, 2011; Six, 2012). However, the present result showed the 13 
suitability of this classification because of the much difference in host specificity between 14 
these guilds. Thus, this classification offers us an important implication that the difference of 15 
their hood habitats, i.e., pholem and xylem causes the difference of host specificity regardless 16 
to the dependence on the fungi. 17 
 As discussed in chapter 2, because ambrosia beetles used pheromone for 18 
searching their suitable host and mating, data on abundance basis tend to contain 19 
pseudo-replicated sample (JIRI Hulcr et al., 2007). For this reason, the following discussion 20 
about the effect of host phylogeny on host specificity mainly referred to Jaccard’s similarity 21 
of incidence (presence/absence) basis index. When the relationship between phylogenetic 22 
distance and similarity between assemblages, i.e. phylogenetic dependence of host specificity, 23 
was compared within each deteriorational condition, the significant phylogenetic dependence 24 
of host specificity was confirmed at the insect-dependence stages (insect-attracted to 25 
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unsect-boring stages) under the oldest condition of all host plant species and the middle 1 
condition of angiosperms (Table 4; Fig. 3-5; 3-6), whereas low effect on host specificity 2 
under the newest condition. Under the newest condition, three Xyleborini species; 3 
Xyleborinus saxeseni, Xylosandrus germanus and Xylosandrus crassiusculus, which were 4 
exotic beetle species from the other area of Asia and known to have extraordinary broad host 5 
range (Jiri Hulcr & Dunn, 2011), were representing 35% of the total abundance of galleries. 6 
Therefore, none or less effect of the host species on host specificity under the newest 7 
condition might be caused by the dominance of these three species. On the other hand, at 8 
fungi-dependent stages, the effects of host phylogeny on host specificity were scarcely 9 
confirmed. Because the present data consist of nested time series, the values of the 10 
fungi-dependent stage should be affected by the process of the upstream stages. The 11 
transitions of correlations between host phylogenetic distance and similarity of ambrosia 12 
beetle assemblage can be effective to solve this continuum effect. Under the oldest condition, 13 
the correlations were decreasing along with the stage of host utilization, which suggests host 14 
phylogeny affected firstly on host specificity of insect-attracted stage, but weakly on the 15 
following stages. On the other hand, under the middle condition, the correlations increased 16 
along with the insect-dependent stages, which suggests the effect of host phylogeny persisted 17 
and enhance the plant-insect interaction to the next insect-dependent stage. However, the 18 
effects decreased in the fungi-cultivating stage, which may show the reconstruction of 19 
plant-insect interaction according to the fungal dependence on plant species. Finally, the 20 
assemblage under the newest condition showed reverse pattern against under the oldest 21 
condition; none or less host specificity was shown in the insect-dependent stage but it was 22 
evident at latter class of failed to the rearing in fungi-cultivating stage. These suggested the 23 
narrow window for the mutualism of ambrosia beetles and symbiotic fungi even if the fungi 24 
were inoculated for the tree species. Brändle & Brandl (2006) reported that 86% of the fungi 25 
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species were restricted to a single tree “genus”, which supports our results. Therefore, even if 1 
the majority of ambrosia beetles could adapt the broad-host plant species with tolerance 2 
toward the host defensive traits, their symbiotic fungi may not be tolerance with the traits 3 
especially because fresh tree retains the defensive traits relative to the old tree. The 4 
significant effect of host phylogeny on host specificity of failed to the rearing in 5 
fungi-cultivating stage under the newest condition may show the limit of their symbiotic 6 
fungi to cultivating plant species and the possibility of ambrosia beetles to exploit new plant 7 
species as successfully breeding host.  8 
When the effect of deteriorational condition (early to old) on the phylogenetic 9 
dependence of host specificity at each stage was examined, significant dependences were 10 
confirmed at insect-attracted to -boring stages for middle and old conditions. On the other 11 
hand, none or less phylogenetic dependences of host specificity were confirmed under newest 12 
condition at insect-dependent stages. Fresh woods are known to emit the ethanol because of 13 
the physiologically anaerobic or stressed state (Ikeda, Oda, Yamane, & Enda, 1980; 14 
KELSEY, 2001; Kimmerer & Kozlowski, 1982; Lindelöw et al., 1992; C. M. Ranger, Reding, 15 
Persad, & Herms, 2010; C. M. Ranger, Reding, Schultz, & Oliver, 2013; C. Ranger & Reding, 16 
2012), which strongly attract the Xyleborini species (Markalas & Kalapanida, 1997; Moeck, 17 
1971; M. E. Reding, Schultz, Ranger, & Jason, 2011; M. Reding, Oliver, Schultz, & Ranger, 18 
2010). In fact, the number of Xyleborini species in insect-attracted stage was highest for the 19 
newest condition. Furthermore, the effect of ethanol to attract ambrosia beetles is not species 20 
specific but attract many species of them. Thus, the emission of ethanol may affect the host 21 
specificity of ambrosia beetle assemblage (Montgomery & Wargo, 1983). 22 
In additive to ethanol, the synergistic effects by combing the ethanol and the other 23 
attractant volatile, biochemical, are known to affect the host selection by ambrosia beetles 24 
(John A Byers, 1985; Schlyter, 2004). For example, (-)α-pinene attract Hylobius abieis but 25 
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repel Xylosandrus germanus (Miller & Rabaglia, 2009). Lindelöw et al. (1992) reported the 1 
increase of species-specific volatile after the harvesting of spruce wood, which caused the 2 
host specificity of ambrosia beetle species to the stored old wood stems. The result of present 3 
study is following this phenomenon that the attraction of tree species-specific species to the 4 
older wood bolts (Fig. 3-8).  5 
It is believed that ambrosia beetles are generalist in host use because of the 6 
utilization of "dead" plant materials which need not to be defended from herbivory (Hanski, 7 
1989). However, the present results showed the increase in host specificity after the harvest 8 
of woods with the number of species being increase (Table 3-2 and Table 3-4). This is also 9 
supported by previous studies of Saproxylic beetles (Kaila, Martikainen, Punttila, & 10 
Yakovlev, 1994; Köhler, 2000). Grove (2002) reported that even on Saproxylic insects, 11 
higher host specificity is common at higher plant taxonomic levels although rare at the tree 12 
species level. Because the defensive trait of woody tissue, such as resin and allelochemicals, 13 
still retains for a long time relative to the other plant tissue (Haack & Slansky Jr, 1987; Jiri 14 
Hulcr & Dunn, 2011), insect species that utilizes dead trees would also develop the 15 
preference and the tolerance against the host specific trait. 16 
Furthermore, the interaction between plant and ambrosia and bark beetles should be 17 
examined with the effects of symbiotic fungi (Brändle & Brandl, 2006; Roe, Rice, Coltman, 18 
Cooke, & Sperling, 2011). At the fungi-cultivating stage, low levels of phylogenetic 19 
dependences of host specificity were shown with narrower host breadth compared with the 20 
previous insect-boring stage (Table 3-4 and Table 3-6). These might suggest the narrower 21 
host breadth of symbiotic fungi. Altogether, the specificities in host selection by ambrosia 22 
and bark beetles were higher under the oldest condition by host similarity base, whereas the 23 
specificities in host selection by fungi were higher under the newest condition by host range 24 
base (Table 3-5; 3-6). These imply the potential of utilization of novel hosts by ambrosia and 25 
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bark beetles after the infection of symbiotic fungi immediately after the harvesting or natural 1 
death. Such property of fungi, i.e. broader host range, was known to show the risk as pest for 2 
plants. For example, above three Xyleborini species possess a higher risk of outbreak with 3 
their broader host range, which was also shown in the present results (mean host range = 15 4 
species). Here again the effects of ethanol emitted from harvested woods should be 5 
cautiously examined because of the strong function of general attractants for ambrosia and 6 
bark beetles. Even ambrosia and bark beetles showing host specificity on several plant 7 
species utilize the ethanol as the initial cue to detect their suitable host (KELSEY, 2001; 8 
Manter & Kelsey, 2008; M. E. Reding, Oliver, Schultz, Ranger, & Youssef, 2013). The 9 
understandings of the process of establishing novel host plant species by ambrosia and bark 10 
beetles are crucial for the risk management of wood disease which cause much economical 11 
problems in many countries (Evans et al., 2010; J Hulcr & Dunn, 2011; Orbay et al., 1994).  12 
The examination of the host selection following the stages of host utilization by 13 
ambrosia beetle species was informative when analyzing the effects of temporal changes in 14 
host plant quality. These examinations are possible only for ambrosia beetles guilds, because 15 
the fate of individuals can be tracked for ambrosia beetles by the sings of feeding gallery. In 16 
addition, the examination of ambrosia beetle assemblages will gives the opportunity to 17 
analyze the interaction between insect and fungi.  18 
 19 
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Table and Figure 
Table 3-1 The focal plant species in this study. Order was compliant based on APG III classification system. Wood densities (g 
cm–3) are averages from 27 bolts per species. Species with round stamp were overlapped with those examined by Hulcr et al. 
(2007) at order level. 
SP FAMILY ORDER(APG) wood density(g cm–3) 
Tsuga diversifolia (Maxim.) Mast. Pinaceae Coniferae 0.89 
Salix bakko Kimura Salicaceae Malpighiales 0.62 
Fagus japonica Maxim. Fagaceae Fagales 0.64 
Quercus crispula Blume Fagaceae Fagales 0.90 
Magnolia obovata Thunb. Magnoliaceae Magnoliales 0.63 
Trochodendron aralioides Siebold et Zucc. Trochodendraceae Trochodendrales 0.83 
Euptelea polyandra Siebold et Zucc. Eupteleaceae Ranunculales 0.66 
Cercidiphyllum japonicum Siebold et Zucc. ex Hoffm. et Schult. Cercidiphyllaceae Saxifragales 0.72 
Pieris japonica (Thunb.) D.Don ex G.Don subsp. Japonica Ericaceae Ericales 0.64 
Prunus nipponica Matsum. Rosaceae Rosales 0.85 
Acer micranthum Siebold et Zucc. Sapindaceae Sapindales 0.65 
Meliosma myriantha Siebold et Zucc. Sabiaceae Basaleudicot 0.70 
Ilex macropoda Miq. Aquifoliaceae Aquifoliales 0.72 
Swida controversa (Hemsl. ex Prain) Soják Cornaceae Cornales 0.72 
Acanthopanax sciadophylloides Franch. et Sav. Araliaceae Apiales 0.57 
Fraxinus lanuginosa Koidz. f. lanuginosa Oleaceae Lamiales 0.75 
Wisteria floribunda (Willd.) DC. Leguminosae Fabales 0.61 
Tilia japonica (Miq.) Simonk. Malvaceae Malvales 0.64 
    
Average     0.83 
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Table 3-2 List of species of ambrosia and bark beetles examined in the present study. The host range and oldnedd at which they were obtained 
were also shown. Species which were singletons were excluded from the analysis of host specificity for preventing sampling bias. 
Guild Subfamily Tribe Species Host range 
Total abundance 
of occupied 
galleries 
Abundance at each oldness 
Newest Middle Oldest 
ambrosia_beetles Scolytinae Xyloterini Indocryphalus spp. 1 3 0 2 1 
(fungal chewers) Xyloterini Trypodendron Trypodendron proximum (Niisima) 1 4 4 0 0 
 Scolytinae Xyleborini Ambrosiodmus lewisi (Blandford) 9 13 9 1 3 
 Scolytinae Xyleborini Ambrosiodmus rubricollis (Eichhoff) 4 6 3 1 2 
 Scolytinae Xyleborini Xyleborus seiryorensis Murayama * 1 1 0 0 1 
 Scolytinae Xyleborini Xylosandrus brevis (Eichhoff) 1 6 0 0 6 
 Scolytinae Xyleborini Xyleborus minutus Blandford 5 30 16 8 6 
 Scolytinae Xyleborini Xyleborus seriatus Blandford 7 239 233 3 3 
 Scolytinae Xyleborini Xylosandrus crassiusculus (Motschulsky) 13 204 101 13 90 
 Scolytinae Xyleborini Xylosandrus germanus (Blandford) 17 1580 771 238 571 
 Scolytinae Xyleborini Xyleborinus saxeseni (Ratzeburg) 15 350 168 96 86 
 Scolytinae Xyleborini Xyleborinus attenuatus (Blandford) 10 25 7 9 9 
 Scolytinae Xyleborini Euwallacea validus(Eichhoff) 2 2 0 1 1 
 Scolytinae Xyleborini Xyleborus sp. 1* 1 1 1 0 0 
 Scolytinae Xyleborini Xyleborus sp. 2 1 3 2 0 1 
 Scolytinae Xyleborini Xyleborus sp. 3* 1 1 0 1 0 
 Scolytinae Xyleborini Xyleborus sp. 4* 1 1 1 0 0 
 Scolytinae Xyleborini Xyleborus sp. 5 5 8 6 1 1 
 Scolytinae Xyleborini Xyleborus sp. 6* 1 1 1 0 0 
 Scolytinae Xyleborini Xyleborus sp. 7* 1 1 0 0 1 
74 
 Scolytinae Scolytoplatypodini Scolytoplatypus shogun Blandford 5 21 1 3 17 
 Scolytinae Scolytoplatypodini Scolytoplatypus tycon Blandford 4 109 34 1 74 
 Scolytinae Scolytoplatypodini Scolytoplatypus daimio Blandford 2 16 7 1 8 
 Scolytinae Scolytoplatypodini Scolytoplatypus mikado Blandford 1 20 0 0 20 
 Platypodidae Platypodini Platypus modestus Blandford 12 120 67 45 8 
 Platypodidae Platypodini Platypus severini Blandford 16 169 26 81 62 
 Platypodidae Platypodini Diapus aculeatus Blandford* 1 1 0 0 1 
bark beetles Scolytinae Dryocoetini Coccotrypes nubilus (Blandford) 10 215 79 66 70 
(pholem chewers) Scolytinae Dryocoetini Cyrtogenius brevior (Eggers) 1 93 38 36 19 
 Scolytidae Hylesinini Dryocoetes hectographus Reitter 1 24 0 24 0 
Species richness           21 20 24 
 
* species excluded from the analysis because of singleton 
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Table 3-3 Mean number of host plant species, mean species richness per host and species richness on Ambrosia and bark beetles. the brackets 
showed standard error. 
  Mean number of host plant species Mean species richness per host Species richness 
Ambrosia beetle 6.55 (1.20) 4.5 (0.56) 27 
Bark beetle 4 (3) 0.67 (0.15) 3 
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Table 3-4.1 Jaccard index correlation matrix between stages of host utilization and the degree of host deterioration. Significant level is >.06 
†marginally, >.05 * , >.01** and  >.001**, respectively. 
Jaccard  All host plant species    Angiosperms 
     newest middle oldest    newest middle oldest 
(i) insect-attracted Occupied -0.145 -0.255 -0.311*  -0.223 -0.45** -0.314* 
         
(ii) insect-boring Live -0.024 -0.291 -0.153  -0.093 -0.482** -0.181 
 Death -0.13 -0.707*** -0.135  -0.353† -0.499** -0.135 
         
(iii) fungi-cultivating Success 0.072 -0.069 -0.046  -0.248 0.125 -0.046 
 Failed -0.481** -0.265 0.058     -0.285* -0.265 -0.08 
 
Table 3-4.2 Chao-Jaccard index correlation matrix between stages of host utilization and the degree of host deterioration. Significant level is 
>.06 †marginally, >.05 * , >.01** and  >.001**, respectively. 
Chao-Jaccard  All host plant species     Angiosperms 
     newest middle oldest     newest middle oldest 
(i) insect-attracted Occupied -0.145 -0.255 -0.311*  -0.223 -0.45** -0.314* 
         
(ii) insect-boring Live -0.024 -0.291 -0.153  -0.093 -0.482** -0.181 
 Death -0.13 -0.707*** -0.135  -0.353† -0.499** -0.135 
         
(iii) fungi-cultivating Success 0.072 -0.069 -0.046  -0.248 0.125 -0.046 
 Failed -0.481** -0.265 0.058     -0.285* -0.265 -0.08 
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Table 3-5 The decrease of host plant species along with the stages of host utilization. 
    All host plant species    Angiosperms 
 stage state newest middle oldest   newest middle oldest 
(i) insect-attracted occupied 17 17 17  16 16 16 
         
(ii) insect-boring live 17 17 16  16 16 15 
 death 16 17 16  15 16 16 
         
(iii) fungi-cultivating success 13 15 13  12 14 13 
  failed 14 14 15   13 14 14 
 
 
Table 3-6 The difference in host range along with the stages of host utilization. The decreases of 
insect-dependence stage are between (i) insect-attracted stage (occupied) and (ii) insect-boring stage 
(live) whereas fungi-dependence stage are between (ii) insect-boring stage (live) and (iii) 
fungi-cultivating stage (succeeded). The results of paired difference t-test along with the decrease of 
host range between insect-dependence stage and fungi-dependence stage were shown on the header 
of plant categories. Significant level is > .05 * and > .06 †. 
  All host plant species†   Angiosperms*  
transition of stages newest middle oldest   newest middle oldest 
insect-dependence stage 1.26 1.12 0.77  1.16 1.06 0.77 
fungi-dependence stage 1.47 1.41 1.27   1.42 1.41 1.23 
 
Table 3-7 One tailed paired difference t-test along with the host deteriorational-conditions. 
Significant level is >.05 *. 
  All host plant species  Angiosperms 
newest-middle -0.02 0.00 
middle-oldest 0.68* 0.51* 
oldest-newest 0.65* 0.51* 
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Fig. 3-1. The stage of host utilization and class of bark and ambrosia beetle. The number on 2 
each class shows the number of holes in this study.  3 
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pieris japonica
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Fig. 3-2. Phylogeny of focal plant species derived mainly from the dated angiosperm 2 
supertree (Davies et al., 2004) except Tsuga diversifolia of gymnosperm that was inserted 3 
into the outside of this tree, according to Jiao et al. (2011) and Bell et al. (2005).4 
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Fig. 3-3. The experimental procedure of host deteriorational-conditions. The number of bolt 2 
were same as 162 (3 replicates × 3 elevations  × 18 host plant species) among the 3 
deteriorational-conditions. 4 
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Fig. 3-4. Species accumulation and an estimate of total species richness. Complete data for 2 
all ambrosia and bark beetle species and all 18 plant species were included. Solid line was 3 
species accumulation curve derived analytically and thin dotted lines around solid line were 4 
95% confidence intervals. Dashed line with dotted was Chao 2 estimate of the total number 5 
of species. 6 
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 1 
Fig. 3-5. Jaccard index correlation matrix 
between insect-rearing-stagerearing-stage 
and the degree of host deterioration on all 
species (a), and only angiosperms (b). 
Solid lines show significant relation and 
broken lines show marginally significant 
relation (p < 0.06). Circle size is 
proportional to the number of pairwise 
comparisons at each point on the graph, 
with bin sizes of 1, 2, 3 and > 4 for the 
smallest to largest circles. 
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Fig. 3-6. Chao-Jaccard index correlation matrix 
between insect-rearing-stagerearing-stage and 
the degree of host deterioration on all species 
(a), and only angiosperms (b). Solid lines show 
significant relation and Broken lines show 
marginally significant relation  (p < 0.06). 
Circle size is proportional to the number of 
pairwise comparisons at each point on the 
graph, with bin sizes of 1, 2, 3 and > 4 for the 
smallest to largest circles. 
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Fig. 3-7. Species accumulation curve of ambrosia and bark beetle assemblages. The Mao Tau 
species-accumulation curves are shown from the results of the average herbivore species on 
4–18 plant species (4-17 plant orders), and extrapolated to the number of plant species and 
order in Japan, using power functions. After extrapolation to 1500 plant species (a) and 40 
plant orders (b) in Japan, the estimated number of ambrosia and bark beetle species in Japan 
is 36 and 7 by plant orders and 136 and 65 (by plant species) 
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Fig. 3-8. Image of the transition of volume of host dependent and independent volatiles with 
elapsed time from wood felled.
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Chapter 4 1 
The impact of host specificity of microbial symbionts on host plant 2 
utilization by ambrosia beetles.  3 
 4 
 5 
Introduction 6 
 7 
Herbivore insects, defined here as the consumers of plant tissues for their food in a broad 8 
sense, comprise large part of terrestrial diversity (Futuyma & Agrawal, 2009; May & 9 
Beverton, 1990; Price, 2002; Stork & W, 1988). The host specificity of herbivore insects has 10 
been known as the influential indicator of herbivore diversity. Among the herbivore guilds, 11 
host specificity of bark and ambrosia beetles which utilize woody tissue was relatively low 12 
and therefore the weaker dependence of their diversities on host plant species was expected 13 
(Hanski, 1989). However, recent researches showed the effect of host phylogeny on host 14 
specificity regardless of the verification of the broadest-host range (low host specificity) in 15 
ambrosia beetles (Novotny et al., 2010; Watanabe, Murakami, Hirao, & Kamata, 2014). 16 
The nutrient content of the woody tissue is very low despite the their major fraction 17 
of biomass in terrestrial ecosystems. This forced the xylophagous insects to overcome various 18 
nutrient restrictions, such as the low revel of C:N ratio, the low content of vitamin and 19 
essential amino acids. The inaccessibility of nutrition from the plant material also prevent 20 
their survival (Hansen & Moran, 2013). In fact, C:N ratio of plant is very low compared with 21 
the nutritional needs of animals with exhibiting substantial variation among different plant 22 
tissues, growth stages and species (Mattson, 1980). 23 
 On the basis of these backgrounds, ecologists have come to pay attention to the 24 
symbionts that help the herbivore insects to utilize host woody tissue (Klepzig, Adams, 25 
Handelsman, & Raffa, 2009; Six, 2013). In this decade, it has been identified that microbial 26 
symbionts help insect to expand the accessibility to the nutrition of the plant materials by 27 
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decomposing cell-wall (Moller, Henrik, Harholt, Willats, & Boomsma, 2011; Schiøtt, 28 
Rogowska-Wrzesinska, Roepstorff, & Boomsma, 2010) and enhance the content of vitamin 29 
(Sabree, Kambhampati, & Moran, 2009) or ergosterols (Bentz & Six, 2006) by the symbionts 30 
themselves. Furthermore, the pathway of reverse direction from the herbivore to symbiotic 31 
microbes has been shown in recent researches. For example, the mycangia, an external 32 
exoskeletal cavity facilitating the transport of the symbiotic fungi, which has been observed 33 
exclusively for ambrosia beetles (Grebennikov & Leschen, 2010), has revealed to possessed 34 
by the other insects (Toki, Takahashi, & Togashi, 2013; Toki, Tanahashi, Togashi, & Fukatsu, 35 
2012). 36 
 Among the species which has been studied for insect-symbiont interactions, bark 37 
and ambrosia beetles are the most ecologically and economically important insects in forests 38 
worldwide and thus required the knowledge of their interactions with symbionts (Six, 2013). 39 
Although rather loose interaction between bark beetle and microbes, the host availability of 40 
ambrosia beetle is largely dependent on their symbiotic fungi (Jiri Hulcr, Mann, & Stelinski, 41 
2011; Six, 2013). Because xylem are the lowest in nitrogen even among the other plant 42 
tissues (Mattson, 1980), many xylophagous insects utilized fungi in both positive and passive 43 
ways to enhance the nitrogen abundance (Six, 2013). The Ophiostomatoid fungi accumulates 44 
the sapwood nitrogen and transport it to the surface of gallery on where beetle larvae feed 45 
(Bleiker & Six, 2009; Six, 2013). Larvae of ambrosia beetle grow with feeding on the fungal 46 
tissues with pieces of xylem (xylomycetophages) or only the symbiotic fungi as their 47 
exclusive diet (mycetophages) (JIRI Hulcr, MOGIA, Isua, & Novotny, 2007). 48 
Thus, it is important to understand the host range of symbiotic fungi (cf. Hulcr et al. 49 
2007, Watanabe et al. 2014) with phylogenetic relatedness of host plant species in order to 50 
assess the contributions of microbial symbionts to host plant utilization by herbivorous 51 
insects. The infectivity of fungal symbiont of ambrosia beetle to the host plants should be 52 
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also examined. The fungal symbiont of bark beetle–associated diseases has been well studied 53 
in relation to coniferous tree for a commercial reason. However, the fungal flora that are 54 
involved in ambrosia beetle–associated disease are not yet well described (Endoh, Suzuki, 55 
Okada, Takeuchi, & Futai, 2011; Ploetz, Hulcr, Wingfield, & de Beer, 2013). Since Batra 56 
(1967) revised a taxon of the hitherto described ambrosia associated fungi, a current list of 57 
the previously described species and their associated beetle species is presented just recently 58 
by Kubono and Ito (2002) and Gebhardt & Oberwinkler (2005). The taxonomy of ambrosia 59 
fungi has been re-evaluated, because their classification was originally established using 60 
morphological characteristics that are poorly defined in artificial media, and because most are 61 
known only by their asexual state (Gebhardt, Weiss, & Oberwinkler, 2005; Massoumi, Tsui, 62 
& Breuil, 2009). In order to understand the key to the success of ambrosia beetle breeding, 63 
species identification of their symbiotic fungi based on molecular classification and their host 64 
range are required. 65 
This study examines the host specificity of fungi associated with two Xyleborini 66 
species; Xyleborinus saxeseni and Xylosandrus germanus. Host ranges of these two species 67 
are outstandingly wide, which covered 83 to 94% of local tree species in temperate forest 68 
(see Chapter 3). In contrast with the wide host plant range ambrosia beetles, the narrower 69 
host range for the successful breeding was observed, which suggested that the host range of 70 
their symbiotic fungi is narrower than the range of host recognition by the ambrosia beetles. 71 
In this study, this implication on host range of their symbiotic fungi is examined by 72 
molecular based species identification, DNA barcoding (Schoch et al., 2012). These results  73 
showed not only host specificity of their symbiont on host plant species, but also the 74 
contributions of the symbiotic fungi to the host utilization of herbivore insects.  75 
 76 
 77 
89 
Material and Method 78 
 79 
Study area and plant species 80 
The study was conducted in a mosaic of primary cool temperate mixed forest of Tochimoto 81 
Tract, the University of Tokyo Chichibu Forest in central Japan (35°54’N, 138°49’E) in 2012. 82 
For the field experiment, 18 tree species from 17 orders were selected so that they fit the 83 
following criteria: they were locally abundant and represented all major lineages (at order 84 
level) of dicotyledonous plant species with an exception of one conifer (Tsuga diversifolia, 85 
Pinaceae; Table 4-1). 86 
 87 
Insect sampling 88 
Bolts of 18 plant species were left on the forest floor in each of three elevations (1100m, 89 
1450m, and 1800m asl.) and exposed for 104 days. The details of the procedure were 90 
described in chapter 3. The bolts after the exposure were packed with fine meshed net bags to 91 
protect from further insect attacks before dissecting. These bolts with holes excavated by 92 
bark and ambrosia beetles were dissected hole-by-hole to about 2 cm-thick woody discs each 93 
containing both a gallery and an insect species. After dissecting, the woody discs were kept at 94 
2-3°C in a container box and then frozen under -30°C at the laboratory. The insect beetles 95 
were then picked up and identified to species. The specimens were kept in a bottle with 70% 96 
ethanol. The wood chips were frozen at -30 °C utill fungal isolation. 97 
 98 
Beetle Galleries 99 
The galleries of two Xyleborini species were examined on17 plant species of 17 orders. Each 100 
gallery was sorted according to developmental stages of insects (see chapter 3). Among them, 101 
two gallery types were used in this study, “success-breeding” (SB) and “failed-breeding” 102 
90 
(FB). Type SB is the case with the larvae, pupa, and/or juvenile being in the gallery, whereas 103 
Type FB is the case with parents only being alive in the gallery but the absence of the 104 
progeny. For the conditions of the host plant, trees cut just before exposure (newest, see 105 
chapter 3) were mainly used. The trees cut in December in 2011 (oldness) and April in 2012 106 
(middle) were used for X. saxeseni on three plant species; Quercus crispula, Prunus 107 
nipponica and Tilia japonica, because of the absence on newest conditions. In total, 95 108 
galleries from 14 host plant species were obtained for fungal isolation (Fig. 4-1; Table 4-2). 109 
 110 
Cultivation and Culturing of Fungi 111 
Fungal isolation from the woody chips was performed according to Endoh et al. (2008). The 112 
sample locations within the beetle galleries were deeper than at least 2cm from the entry of 113 
hole. Isolation of fungi was performed by standard plating method using YM agar (1% [w/v] 114 
glucose, 0.5% [w/v] peptone, 0.3% [w/v] malt extract, 0.3% [w/v] yeast extract) plates 115 
containing 100 ppm of streptomycin.. The plates were incubated at 25°C with daily 116 
observation up to 1~2 weeks. Yeast colonies appeared on each plate were visually grouped 117 
according to the culture characteristics. Each colony was picked up by toothpicks and served 118 
for the DNA analysis. 119 
 120 
DNA extraction 121 
Genomic DNA was extracted with the glass bead method. Approximately 100 µl of cell mass 122 
was harvested and suspended in sterile distilled water in a microtube. The cells were rinsed 123 
with sterile distilled water and re-suspended in 500 µl lysis buffer (50 mM Tris–HCl, 250 124 
mM sodium chloride, 50 mM EDTA, 0.3% [w/v] SDS, pH 8). Approximately 200 µl of U 0.8 125 
mm glass beads was added to each tube, and the tubes were vortexed for 2.5 min to disrupt 126 
the cells. The tubes were incubated for 1 h at 65°C and placed on ice for several minutes. 127 
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After vortex-mixing again for 1 min, the tubes were centrifuged at 15,000 rpm for 30 min at 128 
4°C. Each supernatant was transferred to a new tube, to which an equivalent volume of 129 
phenol/chloroform/isoamylalcohol (25:24:1) was added and mixed to emulsify. After 130 
centrifuging at 15,000 rpm for 15 min at room temperature, the supernatant was put into 131 
another tube and 1/10 volume of 3 M sodium acetate and an equal volume of isopropanol was 132 
added. The mixture was incubated at -20°C for at least 30 min and centrifuged at 15,000 rpm 133 
for 20 min at 4°C to sediment DNA. The resulting DNA pellet was rinsed with 70% ethanol 134 
and dried. The pellet was re-suspended in 200 µl of TE buffer (10 mM Tris–HCl, 1 mM 135 
EDTA, pH 8) and kept at -20°C until used. 136 
 137 
rDNA sequencing and phylogenetic analysis 138 
ITS (Internal transcribed spacer) regions of the rDNA was amplified by PCR with BD 139 
primers (GTCGTAACAAGGTTTCCGTA; Luton, Walker, & Blair, 1992) and ITS4 140 
(TCCTCCGCTTATTGATATGC; White, 1990). Amplifications were performed in 50 µl 141 
reactions, each containing 5 µl of 10×Ex Taq buffer, 4 µl of 10 mM dNTP, 20 pmol of each 142 
primer, 0.5 µl of Takara Ex Taq (Takara Bio, Shiga, Japan), and 5 µl of 20 ng/µl DNA 143 
template using a thermal cycler with the following program; an initial denaturation at 95°C 144 
for 5 min, followed by 93°C for 45 sec, 40 cycles of 45 sec at 93°C, 1 min at 50°C, and 1 min 145 
at 72°C and a final extension of 6 min at 72°C. Sequence data were aligned by using  146 
Purified sequencing reactions were run on an ABI 3500 automated sequencer (Applied 147 
Biosystems) and partly by the commercial company (Macrogen Japan Co., Tokyo, Japan). 148 
The sequences were compared with those available in the GenBank database at the DDBJ 149 
using BLASTN program (Altschul et al. 1997). The species with the highest per cent 150 
sequence identity (the closest relative) are relation with the plant pathogen except one 151 
sequence which was not in relation with plant. Following the alignment by the software 152 
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MAFFT (Katoh, Asimenos, & Toh, 2009), the nucleotide substitution rate was determined 153 
from general time-reversible model with γ-distributed rate heterogeneity and a proportion of 154 
invariant sites (GTR + G + I) and a phylogenetic tree was generated with the 155 
neighbour-joining method (Saitou & Nei, 1987) available in the software MEGA5 package 156 
(Tamura et al., 2011). The topology of the phylogenetic tree was tested by bootstrap analysis 157 
(1,000 replicates, Felsenstein 1985).  158 
 159 
Data analysis 160 
The sequences were assigned to operational taxonomic units (OTUs) using the average 161 
linkage algorithm implemented in the program mothur (ver. 1.13.0) (Schloss et al., 2009), 162 
based on two different distance levels. OTUs based on 95% and 80% sequence identity cutoff 163 
were made and used for analysis (Fig. 4-2). Whether host range of OTUs was different 164 
between SB and FB was tested by the logistic regression model with SB or FB as the 165 
responsible variable and host range of each OTU based on 80% sequence identity cutoff as 166 
the explanatory variable using the software R 3.0.1. 167 
Phylogeny among targeted plant species and their phylogenetic distances were 168 
reconstructed according to the procedure described in chapter 3. To assess the effect of host 169 
specificity of the fungal assemblage among plant species on the limitation to the success of 170 
insect rearing, pairwise similarities of the fungal assemblage among host plant species were 171 
measured by the Jaccard and Chao-Jaccard index calculated in R Statistical Software with the 172 
‘vegdist’ function in the vegan package (Oksanen and Kindt 2013). In the present study, I 173 
used OTUs of type SB for calculating the similarities of the fungal assemblage with setting 2 174 
Xyleborini species and deteriorational conditions together. Then, the relationships between 175 
the results of similarities and phylogenetic distances between plant species were tested by 176 
mantel test for the verification of the effect of host phylogeny on the fungal assemblage. For 177 
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this analysis, similarities both including and excluding singleton were used from the point of 178 
views of both reducing bias and keeping sampling quantity. 179 
 180 
 181 
Results 182 
 183 
From the 285 fungal colonies obtained from 95 galleries of 2 Xyleborini species, 121 184 
sequences were successfully aligned to 24 fungal families. Total species interaction between 185 
host plant species and the fungal OTUs based on 95% and 80% sequence identity cutoff was 186 
shown in Fig. 4-3 and 4-4. For Xylosandrus germanus, the number of OTUs based on 80% 187 
sequence identity cutoff was 49 units under the newest condition. Among the OTUs, the unit 188 
containing Trametes versicolor (Polyporaceae; Polyporales) as the closest relative by BLAST 189 
search was the broadest host range (7 plant species) with the most abundant (15 galleries) 190 
presenting 37% of the total X. germanus galleries. Host range of fungal OTUs utilized by X. 191 
germanus based on 80% sequence identity cutoff was 4.5 ± 1.5 (mean ± se) plant species 192 
(Table 3).  193 
For Xyleborinus saxeseni, the number of OTUs based on 80% sequence identity 194 
cutoff was 72 units. The broadest host range per OTU was 6 plant species with 14 galleries. 195 
Host ranges on average were 2.5 ± 0.50, 1.2 ± 0.13 and 1.2 ± 0.20 plant species under the 196 
newest, middle and oldest conditions, respectively. On 80% threshold OTU basis, species 197 
richness obtained from 3 plant species which covered the all deteriorational conditions were 6, 198 
12 and 8 each for newest, middle and oldest condition, respectively (Fig. 4-5). 199 
The logistic regression models with whether the gallery was successfully breeding 200 
(SB) or failed (FB) as the responsible valuable showed null model (AIC =119.9) was better 201 
than the model with host range of OTUs as explanatory valuable (AIC =120.1, coefficient = 202 
94 
0.25) although their difference in AIC was small. 203 
The effect of host phylogeny on host specificity of the fungi was partly significant 204 
but strongly dependent on singletons: mantel test were significant in OTUs including 205 
singletons based on 80% sequence identity cutoff (r = -0.43, P < 0.05 for Jaccard index and r 206 
= -0.43, p < 0.05 for Chao-Jaccard index; Fig. 4-6; 4-7).  207 
 208 
 209 
Discussion 210 
 211 
Host range of the fungi presented in the galleries was narrower than that of ambrosia beetles 212 
as gallery founder. For example, host range of X. germanus under the newest condition in the 213 
insect-boring galleries was 13 plant species (Chapter 3) but that of the fungi in the galleries 214 
was 4.5 plant species on average and 7 plant species even at the broadest host range based on 215 
80% sequence identity cutoff. Similarly, host range of X. saxeseni in the insect-boring 216 
galleries (11 species) were much larger than those of the fungi, i.e., 11 of 16 OTUs had only 217 
2 or less host plant species with 2.5 species on average. In chapter 3, the decrease in host 218 
range of ambrosia beetles was shown along with preceding insect breeding stages. The 219 
narrower host range of their symbiotic fungi than that of ambrosia beetles was suggested, 220 
which was supported by present results. (Brändle & Brandl, 2006) reported that 86% of the 221 
fungi species were restricted to a single tree genus, which support the idea that host range of 222 
the fungi limits the growth and reproduction of ambrosia and ambrosia beetles. 223 
The dominant species of fungi tells us the detail on the effect of host specificity of 224 
the fungi on that of ambrosia beetles. For example, Trametes versicolor, the closest relative 225 
species of the OTU dominated on X. germanus galleries but only doubleton on X. saxeseni 226 
galleries. The existence of T. versicolor largely affected the host range of two Xyleborini 227 
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species. Although the host ranges of two Xyleborini species at the insect-boring stage were 228 
similar, host range of X. germanus was twice as large as that of X. saxeseni at 229 
fungi-cultivating stage (data not shown), which corresponded with the abundance of T. 230 
versicolor . Therefore, T. versicolor may play an important role for host utilization and the 231 
reproduction of ambrosia beetles. Furthermore, following to the dominant OTU, the second 232 
and third dominant OTU contain Pichia and Candida, both belonging to the 233 
Saccharomycetaceae family which is famous for ambrosia fungi (Endoh, Suzuki, & Benno, 234 
2008). Although the higher frequencies of genus Pichia and Candida, 14% and 12% in 235 
abundance, were observed, the host ranges of these OTUs were relatively low. However, this 236 
might be caused by a mis-identification by ITS region. In the present study, ITS region was 237 
amplified as the most suitable site for DNA barcoding on fungi (Schoch et al., 2012), but, for 238 
Saccharomycetaceae family, the D1/D2 domain of the large subunit ribosomal DNA (LSU 239 
rDNA D1/D2) was mainly used in the previous study. Therefore, the use of D1/D2 domain 240 
may improve the classification of the fungi presented in this study. 241 
In comparison between the type SB and FB, the logistic regression models did not 242 
show the trend that the broader host range of the fungi tend to the success in breeding of 243 
ambrosia beetles. This ambiguous result may suggest that the breeding of ambrosia beetles is 244 
dependent on not only the fungi with low host specificity, such as Trametes versicolor, but 245 
also on the host-specific fungi with adapting host plant species. It may suggest the existence 246 
of ambrosia beetle that is dependent on many opportunistic fungi everywhere. 247 
 However the result of the present study is still tentative one. The analytical result 248 
on the effect of host phylogeny on the similarity of the fungal assemblage was affected by 249 
singletons and the fungal species on coniferous species (Fig.4-6; 4-7). Furthermore, the 250 
logistic regression models on OTUs based on 80% sequence cutoff was also including 251 
singletons. However, main conclusion in this study was derived from the conservative 252 
96 
manipulation in which 80% sequence cutoff for OTUs limitation was utilized. Neverthless, 253 
OTUs with the plural number also has been showing host specificity (Fig. 4-3; 4-4), which 254 
the increase of sampling quantity would promise that the result is to be reliable. 255 
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Figure and Table 
Table 4-1 The focal plant species in this study. Order was compliant based on APG III classification system.  
Species Family Order  Fungal isolation 
Tsuga diversifolia (Maxim.) Mast. Pinaceae Coniferae ○ 
Salix bakko Kimura Salicaceae Malpighiales ○ 
Fagus japonica Maxim. Fagaceae Fagales ○ 
Quercus crispula Blume Fagaceae Fagales ○ 
Magnolia obovata Thunb. Magnoliaceae Magnoliales × 
Trochodendron aralioides Siebold et Zucc. Trochodendraceae Trochodendrales ○ 
Euptelea polyandra Siebold et Zucc. Eupteleaceae Ranunculales ○ 
Cercidiphyllum japonicum Siebold et Zucc. ex Hoffm. et Schult. Cercidiphyllaceae Saxifragales ○ 
Pieris japonica (Thunb.) D.Don ex G.Don subsp. Japonica Ericaceae Ericales × 
Prunus nipponica Matsum. Rosaceae Rosales ○ 
Acer micranthum Siebold et Zucc. Sapindaceae Sapindales ○ 
Meliosma myriantha Siebold et Zucc. Sabiaceae Basaleudicot × 
Ilex macropoda Miq. Aquifoliaceae Aquifoliales ○ 
Swida controversa (Hemsl. ex Prain) Soják Cornaceae Cornales ○ 
Acanthopanax sciadophylloides Franch. et Sav. Araliaceae Apiales ○ 
Fraxinus lanuginosa Koidz. f. lanuginosa Oleaceae Lamiales × 
Wisteria floribunda (Willd.) DC. Leguminosae Fabales ○ 
Tilia japonica (Miq.) Simonk. Malvaceae Malvales ○ 
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Table 4-2 Sampling quantity of host plant gallery. The abundance showed the number of culture-plates. 
  Xylosandrus germanus   Xyleborinus saxeseni 
 newest  newest  middle  oldest 
  Success Failed   Success Failed   Success Failed   Success Failed 
Tsuga diversifolia (Maxim.) Mast. 1 0  - -  - -  - - 
Salix bakko Kimura - -  0 3  - -  - - 
Fagus japonica Maxim. 2 0  4 2  - -  - - 
Quercus crispula Blume 3 1  1 1  2 1  2 2 
Trochodendron aralioides Siebold et Zucc. 0 1  - -  - -  - - 
Euptelea polyandra Siebold et Zucc. 3 2  0 1  - -  - - 
Cercidiphyllum japonicum Siebold 3 0  0 4  - -  - - 
Prunus nipponica Matsum. 2 2  0 3  3 3  3 0 
Acer micranthum Siebold et Zucc. 2 2  1 1  - -  - - 
Ilex macropoda Miq. 3 0  2 3  - -  - - 
Swida controversa (Hemsl. ex Prain) Soják - -  1 3  - -  - - 
Acanthopanax sciadophylloides Franch. et Sav. 3 0  1 3  - -  - - 
Wisteria floribunda (Willd.) DC. 3 0  - -  - -  - - 
Tilia japonica (Miq.) Simonk. - -  0 2  3 1  3 3 
            
Total abundance 25 8   10 26   8 5   8 5 
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Table 4-3 host range of 2 Xyleborini species under the deteriorational 
condition based on 80% sequence identity cutoff. Singletons were excluded 
from calculations. 
Xylosandrus germanus   Xyleborinus saxeseni 
Newest   newest Middle oldest 
4.5 ± 1.5   2.5 ± 0.50 1.2 ± 0.13 1.2 ± 0.20 
104 
Salix bakko
Fagus japonica
Quercus crispula
Prunus nipponica
Wisteria floribunda
Acer micranthum
Tilia japonic
Cercidiphyllum japonicum
Ilex macropoda
Eleutherococcus sciadophylloides
Cornus controversa
Trochodendron aralioides
Euptelea polyandra
Tsuga diversifolia
 
Fig. 4-1. Phylogeny of focal plant species derived mainly from the dated angiosperm 
supertree (Davies et al., 2004) except Tsuga diversifolia of gymnosperm that was inserted 
into the outside of this tree, according to Jiao et al. (2011) and Bell et al. (2005). 
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Fig. 4-2. The internal transcribed spacer 1 (ITS1) barcoding threshold values in the fungal 
assemblage presented in ambrosia beetle galleries. Black circles in 95 % and 80 % were the 
operational taxonomic units (OTUs) that used for analysis in this study. 
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Fig. 4-3 Total species interaction between host plant species and fungal OTUs based on 95% sequence identity cut-off. The number is 
abundance of sequence. Simplified name of host plant species is the following: Tsuga diversifolia (Td), Salix bakko (Sb), Fagus 
japonica (Fj), Quercus crispula (Qc), Trochodendron aralioides (Ta), Euptelea polyandra (Ep), Cercidiphyllum japonicum (Cj), 
Prunus nipponica (Pn), Acer micranthum (Am), Ilex macropoda (Im), Swida controversa (Sc), Acanthopanax sciadophylloides 
(As), Wisteria floribunda (Wf) and Tilia japonica (Tj). 
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Fig. 4-4 Total species interaction between host plant species and fungal OTUs based on 80% sequence identity cut-off. The number is 
abundance of sequence. 
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Fig. 4-5. Species interaction between host deteriorational conditions and fungal OTUs based on 80% sequence identity cut-off. The number 
is abundance of sequence.
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Fig. 4-6. Plant phylogenetic distance and the Jaccard similarity of the fungal OTUs in Type 
SB based on 95% and 80% sequence identity cut-off. The relationship including singletons 
was not significant in OTUs based on 95% (Pearson r = -0.34, p = 0.11, two-sided Mantel 
test) but significant in 80% (r = -0.43, p < 0.05). The relationships excluding singletons was 
not significant in both OTUs based on 95% (r = -0.07, p = 0.76) and 80% (r = -0.13, p = 
0.50). 
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Fig. 4-7. Plant phylogenetic distance and the Chao-Jaccard similarity of the fungal OTUs in 2 
Type SB based on 95% and 90% sequence identity cutoff. The relationship including 3 
singletons was significant in OTUs based on both 95%, marginally (Pearson r = -0.35, p = 4 
0.05, two-sided Mantel test) and 80% (r = -0.41, P < 0.05). The relationships excluding 5 
singletons were both not significant in OTUs based on 95% (r = -0.15, P = 0.50) and in 6 
OTUs based on 80% (r = -0.11, P = 0.58). 7 
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Chapter 5 8 
General discussion 9 
 10 
The validity of host specificity for species estimation 11 
 12 
In chapter 2, the effect of plant diversity and phylogeny on the structure of bark and ambrosia 13 
beetle assemblage was confirmed. Especially, the relationship between angiosperm 14 
phylogeny and host specificity of ambrosia beetles was clearly shown, which consists with 15 
the history of diversification in ambrosia beetles following the diversification of angiosperms 16 
species (Farrell et al., 2001; Marvaldi, Sequeira, O’Brien, & Farrell, 2002). This result 17 
showed the validity of host specificity as the estimator of the species richness of bark and 18 
ambrosia beetle assemblage and suggested the importance of phylogenetically even sampling 19 
for the valid estimation of species richness as a whole.  20 
The first result of species estimation for ambrosia beetle in 2011 was considerably 21 
underestimation, whereas the second result from two years data improved the estimation. In 22 
chapter 3, inclusion of the effect of deteriorational conditions further improved the species 23 
estimation. The number of species presented in 2012 was more than twice as large as that of 24 
2011, which boosted the estimated species richness and resulted in overestimation on the 25 
described species in Japan. This result showed the importance of the deteriorational 26 
conditions of host plants for species diversity of ambrosia beetles and also the evolutionary 27 
relationship between ambrosia beetles and their host plants. For the expression of the 28 
relationship between host phylogenetic distance and herbivore assemblage similarity, simple 29 
linear model was used in the present study, whereas several previous studies used semi 30 
log-linear model (Novotny & Republic, 2010; Novotny et al., 2006; Ødegaard, Diserud, & 31 
Østbye, 2005). This difference may show the evolutionary trajectory of herbivore 32 
diversifications. 33 
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The methods used in the present study was utilized by previous studies for species  34 
estimation for herbivores (Hamilton, Novotný, & Waters, 2012; Lewinsohn, Novotny, & 35 
Basset, 2011). Although most of studies have applied to folivore insects, the present results 36 
verified the practicability of this method in general. Because ambrosia and bark beetles, or 37 
xylophagous species are the assemblage with the weakest regulation by host plant species, 38 
this method can be applied to the various insect herbivore guilds which show host specificity 39 
in degrees between that of folivore and ambrosia beetle guilds.  40 
 41 
Factors affecting the host specificity of ambrosia and bark beetle assemblage 42 
 43 
In addition to biotic factors such as guilds or host phylogeny, the effects of abiotic factor on 44 
host specificity were confirmed in chapter 2. The temporal effects on the assemblage 45 
structure was the important factor. Although sample size (number of raring logs) in 2012 was 46 
only one-third of that in 2011, the abundance in 2012 was more than three times as that of 47 
2011, which resulted in the different trend of host specificity in ambrosia beetles. Outbreaks 48 
of ambrosia and bark beetles were sometimes reported at the southern border of the European 49 
Alps (Marini, Ayres, Battisti, & Faccoli, 2012) caused by high temperature or an explosive 50 
increase of their resources following a disturbance (Werle, Sampson, & Oliver, 2011). 51 
Outbreaks could result in skewed distribution of their abundance within assemblage as a 52 
whole. When the species richness is estimated by parametric methods, these "noises" in the 53 
data strongly affect the results. Thus careful examination of the data us need for accurate 54 
estimations. 55 
As another abiotic factor, elevational gradient should be examined. Species 56 
richness of ambrosia beetles showed the elevationally nested distribution with species rich in 57 
low elevation and poor in higher elevations as shown in chapter 2. This may be because of 58 
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the sensitivity of their symbiotic fungi on the temperature (Choi, 2011; Davis & Hofstetter, 59 
2011). Several studies challenged to show the elevational trends in ambrosia assemblage 60 
(Röder et al., 2010; Tykarski, 2006; Williams, McMillin, DeGomez, Clancy, & Miller, 2008), 61 
but those were often hindered by the other factor such as outbreaks of ambrosia beetles 62 
(Chinellato, Faccoli, Marini, & Battisti, 2013). Chinellato et al. (2013) suggested that the 63 
focal elevational gradient should only a few kilometres between the lowest and highest 64 
location because the larger gradient could bring the noise from immeasurable biases. In the 65 
present study, range of the elevational gradient was 800 m from 1100 to 1800m, which might 66 
be reasonable range. This makes the result of present study highly reliable. 67 
 In chapter 3, the result showing higher host similarity among beetles on the older 68 
woody condition compared with the newer one emphasizes the importance of chemical 69 
attributes of host plants. Here the role of ethanol as an attractant of ambrosia and bark beetles 70 
is important. Because ethanol was produced by fermentation of a sugar in a reduced oxygen 71 
condition, the production is never species-specific for plants. Ambrosia and bark beetles 72 
utilize ethanol (volatile) as a cue for dying or stressed woods (Kelsey, Beh, Shaw, & Manter, 73 
2013; Moeck, 1970; Sjödin, Schroeder, Eidmann, Norin, & Wold, 1989). However species 74 
specific volatile is also emitted from their host plant (J A Byers, 2004; John A Byers, 1992; 75 
Courtois et al., 2009; Madrera, Gomis, & Alonso, 2003) and also from non-host plant 76 
(Mithöfer & Boland, 2012; Pureswaran, Gries, & Borden, 2004; Schlyter, Smitt, Sjödin, 77 
Högberg, & Löfqvist, 2004). In contrast with the role of ethanol (Edde, Toews, & Phillips, 78 
2011; White, Agosin, Franklin, & Webb, 1980), these specific volatiles directionally attract 79 
the ambrosia beetles, such as searching for their favourite hosts (Jiri Hulcr, Mann, & Stelinski, 80 
2011; Schlyter et al., 2004) and mate (Teale, Hager, & Webster, 1994). Although our study 81 
didn’t directly examine the volatile, the results suggested the shifting contribution of volatiles 82 
following host degradational phases. Kelsey (1993) reported the increase of ethanol 83 
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accumulation along with the days from tree-felling. The other studies showed the change of 84 
the volatile composition along with woody decay (Lindelöw, Risberg, & Sjödin, 1992; Sjödin, 85 
Schroeder, Eidmann, Norin, Wold, et al., 1989). These showed the importance of host 86 
physiologycal conditions on the host specificity of bark and ambrosia beetles in the phase of 87 
host recognition. 88 
 However, the host specificity of ambrosia beetles and their breeding success are 89 
regulated not only by the volatile but also by the other species-specific fungal flora. 90 
Compared to host range of ambrosia beetles at boring-success stage, the fewer host range of 91 
that at breeding-success stage was observed (chapter 3). This suggested the limitation of host 92 
range of ambrosia beetles by their symbionts. In chapter 4, the effects of symbiotic fungi on 93 
the host specificity and the success of the reproduction of ambrosia beetles were examined. 94 
Although the total abundance was rather small to determine the contribution of the specific 95 
fungi to the breeding success of ambrosia beetle, host specificity of the fungi was higher than 96 
that of ambrosia beetles. Furthermore, the increase of species richness in the fungi along with 97 
the preceding of the host deteriorational conditions was confirmed, which coincided with the 98 
increase in host range of ambrosia beetles with the preceding of the host deteriorational 99 
conditions. This result showed the host limitation of ambrosia beetles by the fungi. It is 100 
revealed that their novel interaction could extend host plant species.  101 
 102 
Host specificity as information for risk analysis 103 
 104 
Recently the destructive effects of invasive ambrosia and bark were reported in many 105 
countries (Harrington et al., 2011; J Hulcr & Dunn, 2011). Hulcr and Dunn (2011) emphasize 106 
the importance of the novel interaction between insect and fungi for their breeding. The 107 
present result supports this idea that host range of ambrosia beetles based on host recognition 108 
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and insect-boring is broader than that based on successfull utilization. 109 
The merit of bark and ambrosia beetles for the research subject of host specificity 110 
Bark and ambrosia beetles have been paid attention as a research subject of herbivore-fungal 111 
interaction (Carrillo, Crane, & Peña, 2013). Relative to the food materials of the other 112 
herbivore guilds, the nutrient content of the wood tissue is very low (Mattson, 1980), 113 
although it comprises large part of biomass in terrestrial systems. Therefore, the researchers 114 
have come to pay attention to the mutualists that help the herbivore insects to utilize host 115 
plant and their contribution on the insect host selection (Gilbert, Sapp, & Tauber, 2012; 116 
Hansen & Moran, 2013). Among the research subjects of herbivore-fungal interaction, the 117 
knowledge of the relationship between bark and ambrosia beetles and their symbionts are 118 
slowly accumulated in recent years. Therefore, the study of the relationship between bark and 119 
ambrosia beetles and their symbionts could be fruitful. 120 
 In this study, various factors regulating host specificity of bark and ambrosia 121 
beetles were examined. The present results showed that both biotic factors such as host 122 
phylogeny (chapter 2) and woody deteriorational conditions (chapter 3), and abiotic factors 123 
such as seasonal variation and elevational gradient (chapter 2) affected the host specificity in 124 
the same way as shown in other herbivore guilds(chapter 2). The effects of their symbiotic 125 
fungi on host specificity were also examined (chapter 4). As a consequence of the inclusion 126 
of various factors, the estimated species richness increased from underestimation to 127 
overestimation of the described species in Japan (chapter 2,3). The triangle relationship 128 
among host plant species, bark and ambrosia beetles and their symbiotic fungi was examined 129 
by decomposing host specificity into their major component, such as host physiological 130 
conditions and insect-life stage (chapter 3). Recent researches have also paid attention to the 131 
triangle relationship because of the risk as a pest (Jiri Hulcr et al., 2011; Ploetz, Hulcr, 132 
Wingfield, & de Beer, 2013) (Gilbert et al., 2012; Hansen & Moran, 2013; Six, 2013). The 133 
116 
examination on bark and ambrosia beetles is informative and would give many implications 134 
for that area. 135 
 136 
 137 
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